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ABSTRACT 

Combustion Kinetic Studies of Gasolines and Surrogates 

Tamour Javed 

Future thrusts for gasoline engine development can be broadly summarized into two 

categories: (i) efficiency improvements in conventional spark ignition engines, and (ii) 

development of advance compression ignition (ACI) concepts. Efficiency improvements 

in conventional spark ignition engines requires downsizing (and turbocharging) which may 

be achieved by using high octane gasolines, whereas, low octane gasolines fuels are 

anticipated for ACI concepts. The current work provides the essential combustion kinetic 

data, targeting both thrusts, that is needed to develop high fidelity gasoline surrogate 

mechanisms and surrogate complexity guidelines.  

Ignition delay times of a wide range of certified gasolines and surrogates are reported 

here. These measurements were performed in shock tubes and rapid compression machines 

over a wide range of experimental conditions (650 – 1250 K, 10 – 40 bar) relevant to 

internal combustion engines. Using the measured the data and chemical kinetic analyses, 

the surrogate complexity requirements for these gasolines in homogeneous environments 

are specified. For the discussions presented here, gasolines are classified into three 

categories:  

(i) Low octane gasolines including Saudi Aramco’s light naphtha fuel (anti-knock 

index, AKI = (RON + MON)/2 = 64; Sensitivity (S) = RON – MON = 1), certified FACE 

(Fuels for Advanced Combustion Engines) gasoline I and J (AKI  70, S = 0.7 and 3 
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respectively), and their Primary Reference Fuels (PRF, mixtures of n-heptane and iso-

octane) and multi-component surrogates.  

(ii)  Mid octane gasolines including FACE A and C (AKI  84, S  0 and 1 

respectively) and their PRF surrogates. Laser absorption measurements of intermediate and 

product species formed during gasoline/surrogate oxidation are also reported. 

(iii) A wide range of n-heptane/iso-octane/toluene (TPRF) blends to adequately 

represent the octane and sensitivity requirements of high octane gasolines including FACE 

gasoline F and G (AKI  91, S = 5.6 and 11 respectively) and certified Haltermann (AKI 

 87, S = 7.6) and Coryton (AKI  92, S = 10.9) gasolines.  

To assess conditions where shock tubes may not be ideal devices for ignition delay 

measurements, this work also presents a detailed discussion on shock tube pre-ignition 

affected ignition data and the ignition regimes in homogeneous environments. The shock 

tube studies on pre-ignition and associated bulk ignition advance may help engines 

research community understand and control super-knock events.  
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Chapter 1: INTRODUCTION 

1.1 Background and motivation 

Energy is considered to be the driving force and lifeline of modern economies. World 

GDP is expected to double by 2035 [1] and will be accompanied by about 34% increase in 

energy demand. Although the share of renewables in the energy mix is always growing, 

fossil fuels will remain the dominant source of energy accounting for around 80% of energy 

supply in 2035 [1]. Growth in liquid fuels will be predominantly driven by the 

transportation sector ( 70% [1]). This increase in energy demand will result in about 20% 

increase in carbon emissions through 2035 [1] for base case scenarios. The transportation 

sector accounts for nearly half of global oil consumption and about 23 % of global CO2 

emissions [2, 3]. Post COP 21 (Paris 2015) world demands stringent restrictions on 

emissions and associated environmental impact. Thus improvements in the transportation 

sector are necessary to reduce its environmental footprint.  

Commercial transportation grade gasoline is the most widely used light duty 

transportation fuel and is a complex mixture of hundreds of hydrocarbons including linear 

and branched paraffins, naphthenes, olefins, and aromatics [4]. US Department of Energy 

has recently launched a program for targeted co-optimization of fuels and engines 

(OPTIMA program) [5] for sustainable transportation. This program has two major thrusts 

for gasoline engines development: (i) to design optimal fuel/engine combinations for 

efficiency increase in conventional spark ignition gasoline engines, and (ii) to develop the 

advanced compression ignition engine concepts that can achieve much higher efficiencies 
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compared to conventional gasoline engines and will also significantly improve the 

environmental footprint.  

The co-optimization of fuel/engine systems requires in-depth knowledge of the 

combustion kinetics behavior of fuel. Higher efficiency spark ignition engine modes are 

often limited by the knocking of end-gas, knocking is fundamentally related to fuels auto-

ignition (combustion kinetics) characteristics. Moreover, futuristic compression ignition 

(CI) engine technologies such as homogeneous charge compression ignition (HCCI), dual-

fuel reactivity controlled compression ignition (RCCI), partially premixed compression 

ignition (PPCI) and other variants have the potential to increase the efficiency of traditional 

engines [6], and auto-ignition of fuel is one of the primary combustion phasing control 

mechanisms in CI technologies. Thus, accurate chemical kinetics representation of fuels 

auto-ignition is key if such systems are to be successfully modeled.  

Ignition delay time measurements have been widely used in the past for chemical 

kinetics mechanisms development [7-12]. Almost all the chemical kinetics mechanisms are 

validated against shock tubes (ST) and rapid compression machines (RCM) ignition delay 

data. Ignition delay time measurements are one of the simplest yet most illustrative 

chemical kinetics target. Detailed mechanisms typically comprise of several hundred 

species and several thousand reaction pathways. The complexity of these mechanisms 

increases with increasing carbon chain length. When fuel is subjected to high temperature 

and pressure conditions, it will go through several chemical processes towards ignition/heat 

release. Ignition delay time can be thought of as the overall global effect of all the chemical 

processes and hence it is a measure of the overall global reactivity of the fuel. Therefore 

validating chemical kinetic mechanisms against ignition delay data can shed valuable 
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insights on the overall global performance of mechanisms. 

Due to complex composition of gasolines and other commercial fuels, it is not 

feasible to study all the components present in them both experimentally as well from 

modeling perspective. To get around this difficulty, surrogate mixtures of few components 

are employed to emulate the target properties of the real fuel. Primary reference fuels 

(PRF), n-heptane and iso-octane, are commonly used as surrogates for gasoline spark-

ignition (SI) engines. A standard scale for rating the ignition properties of gasoline fuels is 

the research octane number (RON) and the motor octane number (MON) based on PRF 

blends of n-heptane and iso-octane. Various experimental and chemical kinetics 

mechanism development studies can be found in the literature on n-heptane and iso-octane 

[7-10, 13-16].  

Fieweger et al. [15] measured the ignition delay times of stoichiometric PRF 90,80 

and 60 (where PRFxx refers to xx % age by volume of iso-octane in a mixture of iso-octane 

and n-heptane) near 40 bar. Callahan et al. [18] measured the ignition delay times of 

PRF100, 95 and 90 in a RCM and developed a semi-detailed kinetics scheme. Tanaka et 

al. [17] measured the ignition delay times of various PRF mixtures and found out that the 

ignition delay depends only on the molar ratio of n-heptane to oxygen and not on iso-

octane. Hartmann et al. [18] measured the ignition delay times of PRF0, 80 and 100 behind 

reflected shock waves near 40 bar and covered a temperature range of 650 – 1200 K. 

Notable research groups who developed predictive capabilities for PRF blends are LLNL 

[19], Milano [20] and Nancy [21]. 

Chemical kinetics primarily controls the low-temperature combustion in engines. In 

HCCI combustion, for example, the heat released is strongly dependent on the pressure and 
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temperature evolution in the cylinder which in turn is dependent on chemical kinetics [22]. 

In SI engines auto-ignition is undesirable as it results in knock, whereas in HCCI engines 

it is essential for heat release mechanism. The kinetics of the fuel is influenced by its 

compositional make-up. Hence PRF blends can only be used for high paraffinic content 

gasoline. Typical commercial gasolines have a significant proportion of aromatic content 

present in them. Hence a simple binary PRF surrogate, in whom aromatics by definition 

are completely absent, will not be able to match all the target properties of the real gasoline.  

For the reasons stated above, ignition delay studies on more complex surrogates may 

be found in the literature. Gauthier et al. [23] studied the auto-ignition characteristics of n-

heptane/air, gasoline/air, and ternary surrogate/air (63% iso-octane/20% toluene/17% n  -

heptane by liquid volume)  mixtures in low-temperature high-pressure HCCI like 

conditions behind the reflected shock waves. They showed that the ternary surrogate could 

well capture the auto-ignition behavior of certified RD387 gasoline. Chaos et al. [24] also 

proposed the use of ternary (iso-octane/n-heptane/toluene) surrogate and also developed 

an optimized kinetics mechanism. Vanhove et al. [25] used a  isooctane/1-hexene/toluene 

ternary surrogate. They interestingly preferred 1-hexene for low-temperature chemistry 

over n-heptane. Naik et al. [26] developed a chemical kinetics mechanism using five 

component surrogate representing various compositional classes present in real gasoline. 

They used iso-octane, n-heptane, 1-pentene, toluene, and methyl-cyclohexane to represent 

paraffins, olefins, aromatics, and cycloalkanes content of the gasoline. Kukkadapu et al. 

[27] studied RD387 gasoline and showed good agreement with [23]. Kukkadapu et al. [28] 

found out a better agreement of a four component (iso-octane, n-heptane, toluene and 2-

pentene) surrogate with ignition delay times of RD387.  
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At KAUST, we have contributed significantly towards the combustion kinetics 

development of gasolines of varying compositions and octane numbers and also surrogate 

formulation for these gasolines [29-31]. Sarathy et al. [29] studied the ignition delay times 

of FACE (Fuels for Advanced Combustion Engines) gasolines A and C using shock tubes 

and rapid compression machines and also developed surrogates for simulations for these 

gasolines based on detailed hydrocarbon analysis (DHA). Both FACE gasolines A and C 

exhibited similar octane numbers (RON and MON  84) but were of different compositions 

(albeit both gasolines were > 90% mol paraffinic). They have shown that the two gasolines 

of similar octane ratings exhibit comparable ignition delay times at all experimental 

conditions and a PRF surrogate adequately captures the ignition requirements of these 

gasolines (with some discrepancies at low temperatures). Sarathy et al. [30] studied the 

ignition behavior and surrogate formulation of FACE gasolines F (RON = 94.4, MON = 

88.8) and G (RON = 96.8, MON = 85.8) with similar antiknock index (AKI = 

(RON+MON)/2  91.5) but varying sensitivities (S = RON – MON) and compositions. 

They have shown that at high temperatures (T > 900 K) both the gasolines were equally 

reactive. At low temperatures (T < 750 K) the fuel with lower RON (FACE F) was slightly 

more reactive compared to high RON (FACE G) fuel and fuel with low sensitivity (FACE 

F) showed greater NTC behavior. Finally the fuel with lower MON (FACE G) was more 

reactive in 800 – 900 K temperature range. Based on DHA analysis, multi-component 

surrogates were developed for FACE F and G and it was shown that for a highly sensitive 

fuel like FACE G, a multi-component surrogate best captures the ignition requirements.  

The current work aims to continue the efforts in developing chemical kinetics for the 

gasolines and surrogates. Ignition delay times of a wide range of gasolines and their 
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surrogates, with varying octane numbers (RON and MON) and compositions, are reported 

in this work. These data were obtained in the shock tubes and rapid compression machines. 

For the discussions presented here, gasolines are classified into three categories: (i) low 

octane gasolines including Saudi Aramco’s light naphtha fuel (anti-knock index, AKI = 

(RON + MON)/2 = 64; Sensitivity (S) = RON – MON = 1) and certified FACE (Fuels for 

Advanced Combustion Engines) gasoline I and J (AKI  70, S = 0.7 and 3 respectively) 

and their Primary Reference Fuels (PRF, mixtures of n-heptane and iso-octane) and multi-

component surrogates, (ii) mid octane gasolines including FACE A and C (AKI  84, S  

0 and 1 respectively) and their PRF surrogate, and (iii) wide range of n-heptane/iso-

octane/toluene (TPRF) blends to adequately represent the octane and sensitivity 

requirements of high octane gasolines including FACE gasoline F and G (AKI  91, S = 

5.6 and 11 respectively) and certified Haltermann (AKI  87, S = 7.6) and Coryton (AKI 

 92, S = 10.9) gasolines. Moreover, laser absorption measurements of intermediate and 

product species formed during gasoline / surrogate oxidation are also reported here. One 

of the concerns in designing high efficiency downsized turbocharged engines is the 

occurrence of so-called “super-knock” phenomena which is initiated by pre-ignition flame 

initiation; this work also presents a detailed discussion on shock tube pre-ignition affected 

ignition data and the ignition regimes in homogeneous environments. This work provides 

a wealth of combustion kinetic data that is required to develop high fidelity gasoline 

surrogates mechanisms and surrogate formulation guidelines for gasoline fuels.  

1.2 Overview of the dissertation 

Chapter 2 provides a general introduction to the Chemical Kinetics and Laser Sensors 

Laboratory at KAUST. This laboratory features two shock tube facilities, a rapid 
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compression machine and a wide range of laser sensors. A brief overview of experimental 

methods utilized in this work, the ignition delay measurements and simulations and laser 

sensors, are also presented in this chapter. The author would like to acknowledge the help 

and support of Dr. Ettouhami Essebbar during the laboratory development phase.  

Chapter 3 presents the ignition measurements of a lightweight highly paraffinic low 

octane fuel, light naphtha (anti-knock index, AKI = (RON + MON)/2 = 64; Sensitivity (S) 

= RON – MON = 1), and two low octane full boiling range FACE gasolines, FACE I and 

J (AKI  70, S = 0.7 and 3 respectively), using the shock tube and rapid compression 

machine. Multi-component surrogates for these fuels, formulated using an in-house 

developed methodology, are also presented. Experiments and simulations of a Primary 

Reference Fuel (PRF) surrogate, matching the AKI of these fuels, and simulations of multi-

component surrogate are also reported. Furthermore, chemical kinetic analyses are used to 

explain the various trends in the ignition data. It is shown that for highly paraffinic fuels, a 

PRF surrogate satisfactorily matches the ignition requirements, with some discrepancies at 

low temperatures for lightweight fuels. The author would like to acknowledge the expertise 

provided by Ph.D. student Ahfaz Ahmed for the multi-component surrogate formulation. 

Chapter 4 discusses high-temperature laser absorption based species time histories 

and ignition delay times measured during the oxidation of two highly paraffinic mid-octane 

FACE A and C gasolines (AKI  84, S  0 and 1 respectively). PRF speciation and ignition 

data are also compared with the trends found for these gasolines. It is shown that the two 

highly paraffinic gasolines have not only same global reactivity (ignition delay times) but 

also key reaction progress and completion species (OH, H2O, CO, CO2) evolve quite 

similarly during their oxidation. It is also shown that a PRF surrogate satisfactorily captures 
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the kinetics (speciation, ignition delay times) trends of gasolines. Finally, a wide range of 

data for these gasolines, from the literature, covering practical thermodynamic conditions 

is used to exhibit same trends like those found at high-temperatures. The expertise provided 

by Dr. Ettouhami Essebbar and Ph.D. student Ehson Nasir in setting up lasers sensors are 

acknowledged by the author.  

Chapter 5 presents detailed ignition delay measurements of ternary blends of 

toluene/n-heptane/iso-octane (TPRFs). Commercial high octane gasolines have high non-

paraffinic content (Sensitivity = RON – MON > 7). TPRFs surrogates are used to represent 

the sensitivity requirements of commercial high octane gasolines adequately. A wide range 

of TPRF ignition data are collected using shock tube and rapid compression machine. The 

data are analyzed based on its pressure, equivalence ratio and octane dependence. Chemical 

kinetics analysis is used to explain experimental trends. The data are also compared with 

ignition delay data of certified high octane gasolines. The author would like to 

acknowledge Ph.D. student Mohammed Al-Abbad for support during high pressure shock 

tube measurements and Dr. Changyoul Lee (NUIG) for gathering low temperature TPRFs 

ignition data and for sharing Coryton and Haltermann gasolines ignition data.   

Chapter 6 presents the shock tube pre-ignition affected ignition data. Low 

temperature and long ignition delay times shock tube data suffer from various non-

idealities, pre-ignition flame kernel initiation and propagation resulting in bulk ignition 

advance are discussed in detail here. Using experiments and CFD analysis, various ignition 

regimes are discussed. Pre-ignition leading to super-knock is very relevant subject for 

engine research community, and shock tubes can significantly contribute to understanding 

and mitigating such events in engines. The author would like to acknowledge the expertise 
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provided by Ph.D. student Mohammed Jaasim Mubarak Ali and Dr. Jihad Badra in setting 

up the CONVERGE CFD simulations.  

Chapter 7 presents a detailed summary of the findings of this work and gives an 

account of future research directions.  

  

  

 

 

 

  



  

25 

 

Chapter 2: CHEMICAL KINETICS AND LASER SENSORS 

LABORATORY 

In this chapter, a brief overview of chemical kinetics and laser sensors laboratory at 

the King Abdullah University of Science and Technology (KAUST) is presented. This 

laboratory features two shock tube facilities and a rapid compression machine. A wide 

range of lasers sensors for combustion, environmental and medical research are also 

featured in this laboratory. Combined these facilities can cover the operating conditions of 

a wide range of practical energy conversion systems and can be used to provide ignition, 

speciation, reaction rate and pollutants data.  

2.1 Shock tube facilities and ignition measurements 

The use of shock tubes for studying combustion processes has fascinated scientists 

for more than 100 years. French physicists, Mallard, Le Chatelier, Berthelot and Vieille 

had discovered the formation of deflagration to detonation transition during the combustion 

process inside hollow tubes way back in 1881 [32]. These discoveries led Paul Vieille [33] 

to the construction of first shock tube in 1899. The shock tube presents a very simple way 

of step-raising the temperature and pressure of test gas specimen. Since the invention of 

shock tube in 1899, its use was only limited in studies related to combustion chemistry till 

the 1950s. The main reasons [34] for the dormancy of shock tube during this period was 

the unavailability of fast measuring equipment, lack of computer power to solve complex 

chemical kinetic mechanisms and simply the fact that researchers were unaware of the 

potential that shock tube presents for studying combustion chemistry. With current fast 

measuring equipment and computing power in place, shock tube based combustion 
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chemistry studies are well established now [34-38], so much so that it is one of the most 

reliable techniques for studying high temperature and pressure combustion processes.    

Essentially shock tube is a long cylindrical tube separated into high and low-pressure 

regions, referred as the driver and driven sections respectively, by using polycarbonate or 

metallic diaphragms. The test gas is introduced into the driven section, the test gas pressure 

in driven section (P1) is usually low ranging from 10s of Torrs to few hundred Torrs. The 

driver section is then filled in by driver gas (Helium, Nitrogen or other inert gases are 

usually used as driver gases) to very high pressures which eventually bursts the diaphragm 

(P4). The sudden release of this high pressure into the low pressure driven region creates a 

shock wave which travels down the driven section and compresses the test gas behind it 

hence raising its temperature and pressure (T2, P2). At the same time, the expansion wave 

travels down the length of driver section. The incident shock is supersonic and usually 

travels down the driven section at few Mach numbers depending primarily upon the ratio 

of P4 to P1. The incident shock gets reflected from the driven section endwall and further 

compresses the test gas (T5, P5) and also stagnates the flow. Due to the stagnation of the 

flow behind the reflected shock wave, the particle time experienced by the gas molecules 

and the lab times are the same, and hence, chemical kinetic studies are well suited behind 

reflected shock wave where compressed gas temperature and pressure (T5, P5) can be 

calculated using measured incident shock speeds from 1-D shock jump relations. After 

certain time elapse, referred to as the test time, the reflected expansion fan interacts with 

the stagnated high temperature and pressure observation location hence significantly 

reducing uniform temperature and pressure conditions and thus ending the test time.  

The chemical kinetics and laser sensors laboratory features two shock tube facilities, 
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a low-pressure shock tube (LPST) facility which can operate up to a peak pressure of 60 

bar, and a high-pressure shock tube (HPST) facility which is certified for operation till 300 

bar.  

The LPST is constructed from stainless steel with the internal surface honed and 

electro-polished. The inner diameter of the shock tube is 14.2 cm and the driven section is 

9.1 m long. The driver section is modular in design with the maximum length being 9.1 m. 

High purity is ensured by employing turbomolecular vacuum pump to achieve an ultimate 

pressure of about 1 x 10-6 mbar by overnight pumping. Thirty minutes of pumping usually 

achieves vacuum level of 1 x 10-5 mbar with a leak rate of < 1 x 10-6 mbar/min. The driver 

and driven sections are separated by a polycarbonate diaphragm, which is ruptured by a 

cross-shaped cutter blade configuration when the driver section is pressurized with the 

driver gas. The rupturing diaphragm pressure P4 can be varied by changing the diaphragm 

thickness and the cutter blade position. The incident shock speed is measured by recording 

the time interval between five PCB 113B26 piezoelectric pressure transducers (PZTs) that 

are located axially along the last 1.3 m of the driven section. Linear extrapolation of 

measured incident shock speed is used to determine the end-wall shock speed. Shock 

attenuation rates are usually less than 0.8%/m, and the error in the calculated end-wall 

shock speed between 0.01 – 0.2%. One-dimensional shock-jump equations are used to 

calculate the conditions (T5, P5) behind reflected shock waves with errors of less than 1%.  

The HPST at KAUST is also constructed from stainless steel with an inner diameter 

of 10 cm. The driven section is 6.6 m long, and the driver section has a modular design to 

vary its length from 2.2 m to a maximum of 6.6 m. The mid-section of the tube houses two 

pre-scored aluminum diaphragms in a double-diaphragm arrangement which allows better 
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control of the post-reflected shock conditions compared to single diaphragm arrangement, 

and hence provides excellent control over reflected shock thermodynamic conditions. The 

driven section of the shock tube can be pumped down to very low pressures using turbo-

pumping to achieve high-purity conditions. Incident shock speed is measured by six 

equispaced pressure sensors placed axially along the last 3.7 m from the driven section 

end-wall. Thermodynamic conditions behind the reflected shock are calculated using 

standard shock jump relations; estimated uncertainties in pressure and temperature are less 

than 1% and 1.8% respectively. 

The driven and diaphragm sections of both facilities are heated using custom built 

heating jackets to accommodate fuels with low vapor pressures. Also, the mixing tanks 

which are magnetically stirred to ensure homogeneity of the mixtures, and the mixing 

manifold are heated using customized heating jackets and heating tapes respectively. 

Typically, for the gasolines and surrogates experiments presented in this work, the shock 

tube and the mixing setup was heated to a maximum temperature of 100 oC. The 

temperature homogeneity, especially across the shock tube driven section, is ensured using 

separate temperature controllers for small sections (around 1.5 m); the temperature 

uniformity is also monitored during experiments using thermocouples, and any 

temperature gradients found across the shock tube driven section are compensated by 

adjusting the respective temperature controllers.  

Shock tubes are routinely used for ignition delay measurements, and interpretation 

of these data is listed in detail in ref [39, 40]. In this work, two types of ignition delay data 

are reported. In the HPST, a molar ratio of 3.76:1 of N2:O2 is used to make the so-called 

“Fuel / air” mixtures are carried out. For such mixtures, there’s only one way to make the 
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mixture for a given stoichiometric value. In the LPST, typically the so-called “Argon 

diluted” mixtures, with high dilution levels ( 90 % dilution), are utilized. In these diluted 

experiments, it is necessary to specify both the fuel percentage utilized and also the 

stoichiometry to properly constrain the mixtures. However, in both cases, the method to 

obtain ignition delay times remain same. The time zero for ignition delay measurements is 

defined using pressure sensors located near the endwall of driven section (2 cm for LPST 

and 1 cm for HPST). The onset of ignition is determined by sidewall pressure spike and by 

side and end wall OH* chemiluminescence, associated with A2∑+ → X2∏ transition near 

306 nm, detected with a lens/slit setup, a modified Thorlab PDA36A detector and a narrow 

bandpass filter (centered at 306nm with FWHM < 10nm). A typical shock tube 

experimental setup (in this case for LPST) is shown in Figure 2-1 and a typical shock tube 

ignition delay pressure and OH* chemiluminescence measurement (in this case for HPST), 

showing the definition of ignition delay time, is shown in Figure 2-2.  

 

Figure 2-1: Shock tube configuration for ignition delay time measurements. 
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Figure 2-2: Representative shock tube pressure and OH* emission traces during ignition delay 

experiment. 

The pressure behind the reflected shock wave gradually increases due to the 

interaction of the reflected shock wave with boundary layers [41]. This pressure increase 

and accompanying temperature increase can be neglected for high-temperature ignition 

experiments where ignition delay times are less than 2 – 3 ms. However, these 

pressure/temperature changes become significant when measuring relatively long ignition 

delay times. This effect is referred to as dP5/dt and is facility-dependent with reported 

values in the literature ranging 1 – 10 %/ms. Shock tubes with smaller diameters have 

larger dP5/dt. To account for this effect, the measured pressure variation over time is 

converted to volume variation using the isentropic relation and is included in the Chemkin 

simulations [39, 42, 43]. For the experiments reported here, dP5/dt was found to vary 

between 1.5 to 3 %/ms. Assuming the worst case scenario, 3 %/ms 
𝑑𝑃5

𝑑𝑡
∗ (

1

𝑃5𝑡=0
) is imposed 

on the constant volume reactor simulations, henceforth referred as “shock tube 

simulations”. The estimated uncertainty in the shock tube ignition delay measurements is 

± 20%. The pressure time histories during the HPST ignition delay measurements of a wide 
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range of selected fuels, at high, intermediate and low temperatures, are shown in 

APPENDIX B.  

Low-temperature long ignition delay times (> 4 – 5 ms) shock tube ignition data 

should be used with extreme caution. Such data are susceptible to pre-ignition and eventual 

flame kernel formation and propagation resulting in artificially shortening ignition delay 

times (see section 5.3.1 and Chapter 6 for detailed discussions on pre-ignition affected 

shock tube ignition data).   

2.1.1 Test time in shock tubes 

The high and low pressure shock tubes at KAUST typically use Helium as the driver 

gas for high-temperature ignition delay measurements. For low-temperature ignition delay 

measurements, however, driver gas tailoring [44, 45] is utilized to achieve long test times 

required for these measurements. The driver gas tailoring is achieved in real time by mixing 

Helium and Nitrogen (or other inert gases) gas streams from two separate mass flow 

controllers. The driver gas tailoring theory [44, 45] only provides general guidelines, and 

experimental corrections are usually required to avoid the creation of expansion or 

compression waves from the interaction of reflected shock wave and the contact surface 

(the interface between driver and driven gases). In the present work, non-reactive shock 

experiments (obtained by replacing O2 with N2 in the fuel mixture) are conducted to analyze 

and minimize contact surface non-idealities.  

Figure 2-3 shows the measured test times in the LPST. Firstly, Figure 2-3 (a) shows 

the available test times (time between the arrival of reflected shock wave at the observation 

location and the head expansion wave), in the cases where Helium is used as the driver gas, 

are around 10 ms at reflected shock temperatures of around 600 K. Next, in an attempt to 
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increase the available test times, Helium/Nitrogen tailored gas is used. It can be seen from 

Figure 2-3 (b) that although the tailored driver gas significantly delays the arrival of head 

expansion wave at the observation location, there are some expansion waves (“under-

tailored”) that are also sent into to the test by the interaction of reflected shock wave and 

the contact surface due to imperfect tailoring. Hence, where possible, such cases were 

avoided during the experiments. As mentioned before, the driver gas tailoring theories only 

provide mere guidelines and experimental corrections are usually required to address the 

non-idealities. Hong et al.  [45] suggested the use of “buffer gas” to overcome these non-

idealities related to imperfect driver gas tailoring. The buffer-gas, typically Helium, is a 

thin layer of gas introduced in the driven section close to the diaphragm location (far away 

from observation location, around 9.1 m away from driven endwall). This layer reduces 

the so called “shock-impedance” [45] by reducing the molecular weight of the driver gases 

at the start of contact surface. Here we utilized 5% Helium buffer gas in the driven section. 

The result of tailored driver gas with a thin layer of buffer gas in the driven section is shown 

in Figure 2-3 (c) where pressure trace shows negligible contact surface interaction with the 

test section resulting in a test time of around 43 ms (a factor of 4 increase in test time 

compared to Helium driver gas case Figure 2-3 (a)). Figure 2-3 (d) shows a similar test 

time increase (test time  51 ms) using Helium/Carbon dioxide tailoring, note that a 2.6 % 

Helium buffer gas was used in this case to reduce contact surface reflected shock 

interaction.  
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Figure 2-3: Test times measured in the LPST, for each case driver and driven section of 9.1 m length 

were used. (a) Helium as driver gas, T5 = 613 K, P5 = 2.4 bar, Driven gas is Argon, (b) Helium/Nitrogen 

(17% vol Helium) as tailored driver gas, T5 = 593 K, P5 = 1.6 bar, Driven gas is Argon, (c) 

Helium/Nitrogen (17% vol Helium) as tailored driver gas, T5 = 608 K, P5 = 1.6 bar, Driven gas is Argon 

with 5% buffer Helium gas(d) Helium/Carbon dioxide (35% vol Helium) as tailored driver gas, T5 = 518 K, 

P5 = 2.3 bar, Driven gas is Argon with 2.6% buffer Helium gas 

Figure 2-4 shows the test time in the LPST as a function of reflected shock 

temperature (T5). It can be seen from the figure that when Helium is used as the driver gas, 

test times at the lowest temperature are around 10 ms for Argon diluted driven gas and 

around 7 ms for Fuel / air driven mixtures. However, using tailoring, the Argon diluted 

driven mixtures test times increases to as long as 50 ms and that for Fuel / air mixtures to 

Head expansion  
wave 
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around 30 ms. Results from KASIMIR [46] simulations are also shown in the figure, and 

the agreement between ideal theory and experimental results is rather good (within 13 %). 

The increased test times presented in Figure 2-4 are for the LPST; HPST has a shorter 

driver and driven sections and so the maximum test times achievable with current 

configuration is around 10 – 15 ms.    

 

Figure 2-4: Test time as a function of temperature behind the reflected shock wave in the LPST. 

Driver and driven sections length is 9.1 m. Experimental measurements are included in the figure. The 

symbols are the measurements and the line is the simulation using KASIMIR [46] software.  

2.1.2 Uncertainty in shock tube ignition delay time measurements 

The shock tube ignition delay time experiments reported in this work are performed 

with utmost care to avoid any systematic errors in the measurements. However, there are 

several sources of uncertainty in the reported ignition delay measurements. Potential 

sources of uncertainty in the shock tube ignition delay measurements, along with their 

estimated uncertainty, are reported in Table 2-1. Out of these parameters, the ignition delay 

times are strongly dependent upon the reflected shock temperature (T5) because of 

Arrhenius (exponential) dependence of ignition kinetics on the temperature. The reflected 

shock temperatures are calculated using one-dimensional shock jump equations which rely 
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on several inputs including measured shock speed (UIS), temperature and pressure inside 

driven section before the shock (T1 and P1), and the enthalpies and heat capacities to 

perform these calculations inferred from the NASA polynomials. Effect of stoichiometry 

errors (~ 5%, see next paragraph) also contributes to the uncertainty estimation of reflected 

shock temperature. It is worth mentioning here that the uncertainty estimates presented 

here are conservatively estimated, and the actual calculated uncertainty on various 

variables are rather low. For example, the typically calculated uncertainty on the incident 

shock speed calculation is less than 0.2%; however, to allow for finite shock travel time 

over the pressure sensors (or the pressure rise time of these sensors), the uncertainty in the 

counter readings for the measurement of shock travel time between successive sensors, and 

the uncertainty in the location of these pressure sensors, the overall uncertainty in incident 

shock speed is conservatively estimated to be 0.4%. The combined effect of these 

parameters propagated to calculate the uncertainty in temperature, by neglecting second 

order interactions, result in a conservatively estimated ± 1 % uncertainty on reflected shock 

temperatures.  

Another potential source of uncertainty in ignition delay measurements is the fuel 

composition inside the mixing tank and the shock tube. The mixtures reported in this work 

were prepared manometrically, by heating the shock tube, mixing tank and manifold to 

high enough temperatures to fully vaporize the fuel. Moreover, the fuel vapors were not 

only allowed sufficient time to fully evaporate inside the mixing vessel before making the 

mixtures based on stoichiometry, but also the mixtures once prepared were slowly 

introduced into the shock tube to avoid any condensation related issues. Conservative 

estimate of the overall effect of these errors in mixture composition is around 5% 
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uncertainty on the stoichiometry reported here.  

Table 2-1: Various parameters effecting shock tube ignition measurements 

Source of uncertainty Variable effected Conservative estimated 

uncertainty in the variable 

Pre-shock Temperature in 

driven section 

T1 [K] ± 2 K 

Pre-shock Pressure in driven 

section 

P1 [torr] ± 0.2 % 

Fuel composition inside 

mixing tank and shock tube 
 [-] ± 5 % 

Incident shock speed UIS [m/s] ± 0.4 % 

NASA polynomials Heat capacity 

[J/mol-K] and 

enthalpy [J/mol] 

± 0.5 % 

Calculated reflected shock 

Temperature 

T5 [K] ± 1 % 

Calculated reflected shock 

Pressure 

P5 [bar] ± 1.8 % 

 

Equation 2-1 is used to estimate the effect of uncertainties on various parameter 

discussed above on the ignition delay measurements, where τ is the ignition delay time, 

𝑡𝑡=0 is the time zero and  𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 is the method (pressure or emission) used to infer 

ignition. In addition to the parameters discussed above, two new parameters are included 

in Equation 2-1. These are the uncertainty in the determination of time zero from the 

pressure traces and the uncertainty in the determination of the onset of ignition from the 

pressure and OH* emission traces. The rise time of the Kistler 603B type pressure 

transducers used to monitor the pressure in this work is rather small, and in the 

measurements reported here the rise time was around 15 – 25 micro-seconds (shock 

bifurcation effects, if any, also affect pressure transducer rise time; see section 2.1.3). For 

high-temperature ignition delay time measurements, where ignition delay times are 

relatively short (on order of 100 micro-second), this error in the determination of time zero 
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may alone result in 15 – 25 % uncertainty in the ignition delay measurements. So to avoid 

these large errors in ignition delay measurements, no ignition delay measurement below 

100 micro-seconds is reported in this work. For longer ignition delay times (longer than 1 

ms), where most of the data are reported in this work, this error in the determination of 

time zero becomes negligible (~ 1 – 2 %). The pressure and OH* emission signal, for the 

fuel/air mixtures reported here, show very steep pressure and emission rise at ignition and 

both methods agree well, within 2% of each other.  As mentioned before, the uncertainty 

in the estimates of reflected shock temperature is the largest source of uncertainty in 

ignition delay times, and based on the n-heptane ignition delay simulations as the reference, 

it is estimated that a 1% reflected shock temperature uncertainty conservatively results in 

around 15% uncertainty in ignition delay times. Similarly, it is determined that pressure 

and equivalence ratio results in around 2% uncertainty each in ignition delay times. Finally 

combining all these effects in Equation 2-1, the conservatively estimated uncertainty in 

ignition delay times are 28% for ignition delay times less than 1 ms and around 16% for 

longer ignition delay times. Therefore, here we have reported an average conservative 

estimate of our shock tube ignition delay measurements of around 20 – 22 %.  

∆τ =

√(
∂τ

∂𝑇5
d𝑇5)

2

+ (
∂τ

∂𝑃5
d𝑃5)

2

+ (
∂τ

∂Φ
dΦ)

2

+ (
∂τ

∂𝑡𝑡=0
d𝑡𝑡=0)

2

+ (
∂τ

∂𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
d𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛)

2

       

Equation 2-1 

2.1.3 Reflected shock bifurcation  

Reflected shock bifurcation occurs when the boundary layer (behind the incident 

shock wave) doesn’t have enough momentum to pass through the normal reflected shock 
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wave, resulting in oblique shock patterns formation [47]. Petersen et al. [47] developed 

experimental correlations to determine the size and duration of disturbed region due to 

bifurcation. They reported that such disturbances are related to specific heat ratios, 

molecular weight and incident shock Mach number; and such disturbances are aggravated 

for large proportion of di- and poly-atomic test gases. They also showed that such non-

idealities are a weak function of reflected shock pressures and hence are equally susceptible 

to appear in both high and low pressure shock tubes experiments.  They further showed 

that, for bifurcated cases, the reflected shock pressure rise, instead of single pressure jump, 

show two clear demarcations due to oblique shock related pressure rise. Therefore, pressure 

transducers, monitoring the pressure in the test section, are a good indicator of assessing 

the severity (and existence) of shock bifurcation.  

Reflected shock bifurcation for HPST measurements (Chapter 3  Chapter 5) 

As mentioned before, the typical rise time of the pressure sensor at the arrival of 

reflected shock wave in all the HPST ignition delay experiments reported here (Chapter 3 

 Chapter 5) is between 15 – 25 micro-seconds. Obviously, this rise time, may also include 

the shock bifurcation effects in addition to inherent pressure sensor rise time. The sensor’s 

inherent response frequency is 300 kHz (3.3 micro-seconds) and so the inherent rise time 

of the sensor by itself, taking into account the finite shock wave travel time over the 5 mm 

diameter sensor active area, and other transducer non-idealities, may alone result in 10 – 

15 micro-seconds of pressure rise time. However, for HPST ignition experiments, no shock 

bifurcation (a two-step like reflected shock pressure rise) was experimentally observed on 

the pressure traces. Hence, shock bifurcation effects on the HPST ignition measurements 

can be neglected and may only play a role for the determination of short ignition delay 
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times (these effects of shock bifurcation, in terms of pressure sensor rise time, at high 

temperatures and short ignition delay times have already been included in the uncertainty 

analysis). To further assess reflected shock bifurcation, here the correlations proposed by 

Petersen et al. [47]  are utilized to determine the bifurcation step height (Ɩ, Ɩ  

𝑀𝑠
1.07  γ2

−2.66  M𝑎𝑣𝑔
−0.37) and the normal shock part of the bifurcation step passage time 

(𝑑𝑡𝐴𝑂 ,  𝑑𝑡𝐴𝑂   𝑀𝑠
0.66  γ2

−7.1  M𝑎𝑣𝑔
−0.57). For a typical shock tube Fuel/ air ignition delay 

experiment, at reflected shock temperature and pressure of around 800 K and 40 bar 

respectively, the bifurcation step height is around 1 mm and the normal shock passage time 

is around 3 – 5 micro-seconds. Thus, for a 10 cm diameter HPST shock tube, a bifurcation 

step height of 1 mm (in terms of perimeter 2r) will effect less than 1% of total flow area 

near the endwall observation location. The small bifurcation time also clearly show that, 

either a bifurcation doesn’t exist, as also observed experimentally, or will very quickly 

reach reflected shock pressure (and temperature) conditions. Selected pressure traces from 

HPST ignition measurements are reported in APPENDIX B.  

Reflected shock bifurcation for LPST measurements (Chapter 4 and Chapter 6) 

Like HPST, the LPST Argon diluted ignition and speciation experiments reported 

in Chapter 4 also don’t show any signs of reflected shock bifurcation.  

However, the pre-ignition effected shock tube ignition delay experiments reported 

in Chapter 6 does show some weak effects of shock bifurcation in measured pressure traces. 

Figure 2-5 shows the shock bifurcation effects on the measured pressure profile. The 

reactive mixture for these experiments is 2% n-heptane, 44% O2, Ar and reflected shock 

temperature and pressure are T5 = 1124 K, P5 = 1.6 bar. The measured pressure trace not 

only show shock weak bifurcation (two step-like pressure increase due to oblique reflected 
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shock), but also the rise time of the pressure transducer to achieve these reflected shock 

conditions is relatively larger (~ 50 micro-seconds). Using the same correlations as for the 

HPST measurements, it is determined that for these experiments, the bifurcation step height 

is around 3 mm and the normal shock passage time is around 10 micro-seconds. Thus, for 

a 14 cm diameter LPST shock tube, a bifurcation step height of 3 mm (in terms of perimeter 

2r) will effect around 2% of total flow area near the endwall observation location. The 

relatively large bifurcation time also show the existence of shock bifurcation for these 

conditions. These experiments suffer from pre-ignition and localized flame initiation, and 

the shock bifurcation may also have an effect on the initiation and propagation of pre-

ignition modes (see Chapter 6Chapter 6 ).  

 

Figure 2-5: Measured pressure profile showing weak shock bifurcation effects. Mixture: 2% n-

heptane, 44% O2, Ar. T5 = 1124 K, P5 = 1.6 bar.  

2.2 Rapid compression machine facility and ignition measurements 

The KAUST rapid compression machine (RCM) is based on a twin opposed piston 

design, similar to that used at NUI Galway [48]. A twin-piston configuration offers better 

mechanical balance and lower compression times than a single piston configuration. The 
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chamber bore is 50.8 mm, and the stroke length of each piston is 169 mm. With the current 

configuration, volumetric compression ratios up to 16.8 can be achieved. The duration for 

the final 50% of the pressure rise in the compression stroke is approximately 3 ms. The 

pistons are driven by a pneumatic mechanism coupled with a hydraulic system to lock the 

pistons in place at the end of the compression. The desired conditions at the end of 

compression can be achieved by varying the compression ratio, the initial pressure (p0), the 

initial temperature (T0) and the diluent gas compositions. Equation 2-2 shows the 

compressed gas temperature, Tc, calculated using the adiabatic core hypothesis: 
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             Equation 2-2 

where pc refers to the measured pressure at the end of compression and γ is the ratio 

of specific heats. The entire combustion chamber is covered with custom-made heating 

jackets to pre-heat the reacting mixture. A Kistler 6045A pressure transducer mounted on 

the chamber wall is used to record the experimental pressure traces. The ignition delay time 

is defined as the time between the end of compression (EOC) and the onset of ignition; 

both events were measured by a step-change in the pressure. A typical RCM ignition delay 

time measurement is shown Figure 2-6. Creviced piston heads are used to avoid vortex 

formation, and the crevice volume is ~ 10% of the total post-compression chamber volume 

[49]. If RCM experiments are to be successfully modeled, it is necessary to compensate for 

heat loss from the chamber, which is simulated as an adiabatic expansion using a volume 

profile calculated from pressure measurements in non-reactive experiments (conducted by 

replacing O2 with N2 in the reactive mixture, see dotted lines in Figure 2-6) [50]. The 

estimated uncertainty in RCM ignition delay measurements is ± 15 – 20%.  
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Figure 2-6: Representative RCM pressure trace during ignition delay experiment. 

2.2.1 Uncertainty in RCM ignition delay time measurements 

As mentioned before, ignition kinetics is strongly dependent on temperature. Hence, 

like for shock tube ignition measurements, the biggest source of uncertainty in RCM 

ignition measurements is the uncertainty in the calculation of compressed gas temperature 

(Tc). Equation 2-2 shows various parameters involved in the calculation of Tc. The 

uncertainty in Tc calculation arises from the uncertainty in measured initial temperature T0 

(± 2K), uncertainty in measured initial pressure p0 (± 0.2%), uncertainty in the heat capacity 

ratio γ calculated using NASA polynomial (± 0.5%), uncertainty in the measured mixture 

composition (± 5% in terms of ), and most importantly the uncertainty in the 

determination of compressed gas pressure pc (± 2.5 %) from the measured pressure trace. 

Out of all these parameters, the uncertainties in the determination compressed gas pressure 

and the mixture composition contributes most significantly to the uncertainty to the 

compressed gas temperature calculation, with respective contributions of 0.7% and 0.5 %. 

Including all these parameters, the prescribed uncertainty on compressed gas temperature 

calculation is around ± 1% resulting in conservatively estimated uncertainty in RCM 
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ignition delay times of around 15 – 20 %.  

2.3 Lasers diagnostics 

The chemical kinetics and laser sensors laboratory features a wide range of lasers 

sensors covering a wide range of spectra for various applications. Here, only a brief 

overview of the laser sensors used in this work is provided below.  

IR absorption of CO using a DFB QCL:  

Carbon monoxide concentration is monitored near 2193.36 cm-1 in the fundamental 

vibrational band of CO using a distributed-feedback (DFB) quantum cascade laser (QCL). 

The line-broadening parameters for this line were measured by Ren et al. [51] and line-

strength values were obtained from the HITRAN database [52]. A small amount of 

absorption interference is caused by CO2 at high temperatures. This is corrected by 

measuring CO2 absorption cross-section at this wavelength (2193.36 cm-1) in separate 

CO2/Ar shock-heated experiments. The CO2 interference is then subtracted from the 

measured CO absorption profiles using the CO2 mole fraction measurements. 

IR absorption of CO2 using an external-cavity QCL:  

An external-cavity QCL is used at a fixed wavelength for laser absorption of CO2. 

The R(76) line at 2390.52 cm-1 in the ν3 vibrational band of CO2 was selected due to its 

relatively high lower-state energy and minimal interference from other species. High-

temperature cross-sections of CO2 at the peak of the transition were measured in our shock 

tube using CO2/Ar mixtures and verified with previous measurements by Ren et al. [53, 

54]. 

IR absorption of H2O using a DFB diode laser: 

H2O concentrations are monitored using a distributed feedback (DFB) diode laser 
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operating at 3416.16 cm-1 in the ν3 vibrational band of H2O. This line provides increased 

absorption strength compared to the transitions used in previous H2O sensing work [55, 

56]. Absorption cross-sections for this transition were measured in separate experiments of 

shock-heated mixtures of H2O/Ar.  

UV absorption of OH using a ring-dye laser: 

Hydroxyl concentrations are measured using frequency doubling of 613.4 nm cw 

light generated by a Spectra Physics ring-dye laser system. This ring-dye laser system is 

pumped by a Coherent Verdi laser operating at 532 nm. The R1(5) transition near 306.7 nm 

in the OH A-X (0, 0) absorption band is probed to measure OH mole fraction [57]. 

Negligible interference absorption is observed during OH measurements for FACE A and 

PRF 84 (see Chapter 4) oxidation. However, small interference absorption is detected at 

306.7 nm during FACE C ignition experiments. This interference is corrected for by 

making off-line measurements, 5 cm-1 away from the peak of selected OH absorption 

transition. 
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Chapter 3: IGNITION STUDIES OF LOW OCTANE 

GASOLINES AND SURROGATES 

In this chapter, ignition delay times of low octane gasolines are reported. Low octane 

gasolines are prospective fuels for advanced combustion engine technologies, and 

chemical kinetics (autoignition) is one of the primary control mechanisms in such engine 

combustion modes. Ignition delay data for low octane gasolines are scarce in the literature. 

The data presented here are one of the first ignition delay data for low octane gasolines. 

The rest of the chapter is organized as follows; firstly, a detailed characterization of our 

test fuels, light naphtha and FACE gasoline I and J, and surrogate formulation for them is 

presented. Next, ignition delay times of these fuels, measured in shock tube and rapid 

compression machine (RCM), are presented and discussed in detail. Finally, chemical 

kinetics analysis is used to explain the ignition delay results and also to shed some light on 

the surrogate requirements of these fuels in homogeneous shock tube/RCM environments.  

3.1 Introduction 

The transportation sector accounts for around half of global oil consumption and 

around 23 % of global CO2 emissions [2, 3]. Post COP 21 (Paris 2015) world calls for 

stringent restrictions on emissions and associated environmental impact. Thus 

improvements in the transportation sector are necessary to reduce its environmental 

footprint. Gasoline is widely used light duty transportation sector fuel hence improving the 

fuel efficiency of gasoline-fired engines is of utmost importance. Several futuristic gasoline 

compression ignition (GCI) engine technologies such as homogeneous charge compression 

ignition (HCCI), dual-fuel reactivity controlled compression ignition (RCCI), partially 
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premixed compression ignition (PPCI) and other variants have potential to increase the 

efficiency of traditional gasoline engines [6].  

GCI engines have several advantages over conventional spark ignition gasoline 

engines. These engines will operate at higher compression ratios and thus will improve the 

overall thermal efficiency and make it comparable to diesel compression ignition 

technologies [58]. Researchers have shown that such GCI engines will operate at their 

optimum with gasoline being in 50 – 70 octane (research octane number RON and motor 

octane number MON) range [59-61]. This low octane requirement, compared to 

conventional gasolines whose RON are typically greater than 90, can significantly reduce 

the refinery costs and emissions by eliminating the catalytic reforming and isomerization 

units required for the production of high octane gasolines. Life cycle analysis [2] of GCI 

engines employing low octane fuels further shows around 25% energy consumption 

reduction and around 23% CO2 emissions reduction compared to convention spark ignition 

engines and gasolines. Moreover, there is growing disparity in the demand of diesel and 

gasoline fuels resulting in lighter fractions of hydrocarbons (the so-called “homeless 

hydrocarbons”) being left unused. Such imbalance can also be potentially solved by 

employing GCI engine technologies that operate with lighter hydrocarbon streams and 

hence can reduce the pressure faced by many refineries around the world.  

Chemical kinetics is one of the primary combustion phasing control mechanisms in 

the GCI technologies [62]. Correct representation of the fuel ignition kinetics is key if such 

systems are to be successfully modeled. Due to limitations of computational resources, 

simulations often rely on binary or multi-component fuel surrogates to mimic the behavior 

of the real fuel. Low octane gasolines are relatively less studied in the literature compared 
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to conventional gasolines. Experimental investigations of low octane gasolines are scarce 

[63-68] and the autoignition characteristics of such fuels have not been studied previously 

in fundamental combustion experiments. Chang et al. [63, 64] studied light and heavy 

naphtha in PPCI engines and found that the use of petroleum naphtha in PPCI mode can 

indeed result in overall efficiency improvements and reductions in pollution. Yang et al. 

[67] showed that hydrobate (RON ∼ 69) was less reactive than the corresponding PRF 

mixture under HCCI conditions. Yang et al. [65, 66] utilized double and multiple injection 

strategies on a single cylinder diesel engine operating with straight-run naphtha fuel (RON 

~ 58.8) and showed that multiple injection strategies are advantageous for NOx reduction 

and efficiency improvements. Javed et al. [69] and Abbad et al. [70] have also provided a 

wide range of  ignition delay data for Toluene/PRF (TPRF) (see 0) and PRF blends for 

fuels ranging from RON 70 – 97.5 which can be used to model low octane (RON  70) 

gasolines.  Detailed experimental and CFD investigations (with surrogate fuels) are needed 

if petroleum naphtha is to be introduced as a viable future fuel in the transportation sector. 

Primary reference fuel (PRF) surrogates (mixtures of n-heptane and iso-octane), are 

the simplest and most widely investigated gasoline surrogates. Since a PRF surrogate is 

composed only of paraffinic fuels, it has zero sensitivity. Sensitivity is defined as the 

difference between the research (RON) and motor (MON) octane numbers, and is a 

measure of the non-paraffinic nature of a fuel. Commercial gasolines can have a high 

content of aromatics (~ 20-30 %) and other non-paraffinic (~ 5-10 %) species [71], giving 

the fuel high sensitivity. More complex surrogates are needed to represent the reactivity of 

high-sensitivity fuels. Typically, toluene is added to PRF mixtures as a substitute for the 

aromatic compounds present in commercial gasolines. These three-component surrogates 
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are referred to as ternary (or toluene) reference fuels. For a typical ternary surrogate, the 

toluene concentration is fixed at around 10 – 20 % by volume, to achieve an H/C ratio close 

to that of real gasolines [72], and the PRF composition is then varied to match the octane 

rating (RON/MON). Gauthier et al. [23] studied the auto-ignition characteristics of RD387 

gasoline and a ternary surrogate (63% iso-octane, 20% toluene, 17% n-heptane by volume) 

at high pressures behind reflected shock waves. They showed that the ternary surrogate 

adequately captured the auto-ignition behavior of a full-blend gasoline at high temperatures 

(T > 850 K). Chaos et al. [72] studied a ternary surrogate in a variable pressure flow reactor 

and developed an optimized kinetic mechanism. Kukkadapu et al. [27] extended the 

ignition studies of RD387 gasoline to low temperatures in a rapid compression machine. 

Kukkadapu et al. [28, 73] reported better agreement of a four-component surrogate (iso-

octane, n-heptane, toluene and 2-pentene) with low-temperature ignition delay times for 

RD387, compared to the ternary surrogate used by Gauthier et al. [23]. 

More systematic approaches to formulate surrogates based on targeted optimization 

of palette species yield multi-component (three or more components) surrogates [74-78]. 

Dooley et al. [74, 75], in their works on jet fuel surrogate formulation, have proposed a 

strategy to emulate the active radical pool formed after initial fuel consumption. Their 

methodology does not require detailed a priori knowledge of the fuel composition, and the 

surrogate is formulated by optimizing the average molecular weight (MW), H/C ratio, 

derived cetane number (DCN), and threshold sooting index (TSI) of those palette species 

that produce a noticeably different radical pool from each other. Mueller et al. [76] have 

framed an approach to formulate diesel surrogates based on targeted nonlinear multi-

objective optimization of fuel composition, ignition quality, volatility, and density. Ahmed 
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et al. [77] have developed a novel computational architecture that couples CHEMKIN-

PRO with an optimization scheme to formulate surrogates that emulate physical and 

chemical properties of real fuels. 

The purpose of the present work is to investigate the auto-ignition characteristics of 

low-octane fuels and to propose a suitable kinetic surrogates for them. Ignition delay times 

are measured for Saudi Aramco’s light naphtha fuel and for Conoco Philipps Chemical 

Company’s FACE gasoline I and J over a wide range of test conditions using a high 

pressure shock tube and a rapid compression machine. Measured data are compared against 

the simulations of simple PRF surrogate and carefully assembled multi-component 

surrogate. Chemical kinetic analyses are utilized to explain the trends seen in ignition delay 

experiments and to understand the key differences between the surrogates.  

 

3.2 Methodologies 

3.2.1 Light naphtha fuel characterization and surrogate formulation 

The light naphtha fuel used in this work was supplied by Saudi Aramco and its 

composition was characterized at their Research and Development Center (R&DC) using 

detailed hydrocarbon analysis (DHA) with standard ASTM D6733 and D6730 methods. 

These methods allow full resolution of all chemical functionalities present in the fuel, such 

as n-paraffins, iso-paraffins, olefins, naphthenes and aromatics (PIONA), as well as carbon 

number analysis of individual functionality. The RON and MON of light naphtha were also 

measured at Saudi Aramco R&DC in accordance with standards ASTM D2699 and ASTM 

D2700, respectively. The results of these tests are summarized in Table 3-1. Light naphtha 

is a lightweight (avg. mol. wt. = 78.4), low-octane (RON = 64.5), and low-sensitivity 
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(sensitivity = RON – MON = 1) fuel. The DHA shows the fuel to have a highly paraffinic 

nature with > 90 mol% paraffins (~ 55.4% C5 – C6 n-paraffins and 35.9% C6 – C7 iso-

paraffins). Naphthenes (cycloalkanes) are also present in light naphtha (about 6.7%) and 

the aromatic content of this fuel is a mere 1.32%. The detailed DHA of light naphtha is 

included as Appendix (Table A1).  

Table 3-1: Properties of light naphtha and its surrogates. Hydrocarbon types are given in mol%. 

  Light 

naphtha 

LN- 

KAUST 

PRF 64.5  

RON 64.5 63.3 64.5 

MON 63.5 61.5 64.5 

Sensitivity 1 1.8 0 

H/C ratio 2.34 2.32 2.26 

Avg. mol. wt. 78.4 77.42 108.9 

n-alkanes  55.4 55.0 38.0 

iso-alkanes 35.9 35.0 62.0 

Cycloalkanes 6.7 10.0 0.0 

 Aromatics 1.32 0.0 0.0 

  

Two surrogate mixtures were evaluated for light naphtha in this work. A PRF 

surrogate matching the RON of light naphtha (PRF 64.5; 64.5% vol iso-octane/ 35.5% vol 

n-heptane) was utilized as the simplest surrogate. The Lawrence Livermore National 

Laboratory (LLNL) gasoline surrogate mechanism (hereafter referred to as LLNL mech) 

[79] was used for the PRF 64.5 simulations. A multi-component surrogate for light naphtha 

(denoted as LN-KAUST) was formulated based on the methodology of nonlinear 

constrained optimization to match target properties of the real fuel [68, 77]. This 

methodology relies on optimization of palette species based on target properties. At 

KAUST, a palette of 10 species has been identified as potential surrogate candidates, with 
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major criteria being the availability of detailed and validated chemical kinetic mechanisms 

for the species and also relevance to gasoline like fuels. This palette include paraffins (n-

butane and n-heptane), i-paraffins (2-methylbutane, 2-methylhexane, i-octane), olefin (1-

hexene), napthenes (cyclopentane, cyclohexane) and aromatics (toluene, 1,2,4-

trimethylbenzene); hence covering various PIONA classes present in commercial gasoline 

like fuels. The optimization scheme utilized H/C ratio (governs equivalence ratio), density 

(governs viscosity, spray formations, flow characteristics and mixing behavior), RON and 

MON (gasolines like fuels are rated on RON and MON standards), volatility characteristics 

[80] (governs vaporization), carbon type distribution [81] (governs chemistry) and average 

molecular weight as constraints.  The resulting surrogate consisted of five components: 55 

mol% n-alkanes (43% n-pentane, 12% n-heptane), 35 mol% iso-alkanes (10% 2-

methylhexane, 25% iso-pentane) and 10 mol% cyclopentane. It can be seen from Table 3-1 

that this optimized surrogate closely matches basic physical and chemical properties of 

light naphtha. A detailed comparison of the properties of light naphtha and this multi-

component surrogate (LN-KAUST) are given in the Appendix (Tables A1 – A2, Figure. 

A1 – A4). Ignition delay simulations for this surrogate are performed using a newly 

assembled gasoline surrogate mechanism (denoted as FACE gasoline mechanism) [30]. 

3.2.2 FACE gasoline I and J fuel characterization and surrogate formulation 

The US Department of Energy and the Coordinating Research Council comprising 

of research institutes, automotive and oil companies have recently formulated a set of fuels, 

known as Fuels for Advanced Combustion Engines (FACE). One of the basic aims of 

formulating these FACE fuels is to provide a consistent set of fuels with well-characterized 

properties and compositions, making it easy to compare research results at various 
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institutions and facilities.  

The FACE gasolines I and J were acquired from Conoco Philipps Chemical 

Company and their compositions are shown in Table 3-2. It can be seen that FACE I is 

highly paraffinic ( 84 mol %) and have some aromatic ( 5 mol %) and olefinic ( 7 mol 

%) content as well. FACE J also has high paraffinic ( 64 mol %) content, but it also 

consists of high aromatic ( 30 mol %) content as well. Octane measurements of these fuels 

are also shown in Table 3-2. It can be seen that both gasolines are low sensitivity fuels. It 

can be further seen from the table that the two gasolines, with widely different 

compositions, have a quite similar anti-knocking index (AKI = 
𝑅𝑂𝑁+𝑀𝑂𝑁

2
) of around 70. 

Therefore, a PRF 70 surrogate is used in this work to compare with the FACE gasoline I 

and J data.  

Multi-component surrogates formulated for FACE I and FACE J, henceforth referred 

to as FG-I and FG-J respectively, are also shown in Table 3-2 and Table 3-3. The FG-I 

(seven component) and FG-J (five component) were formulated using the surrogate 

formulation methodology developed at KAUST by Ahmed et al. [77]. This methodology 

has been previously used to formulate the multi-component surrogates for FACE gasolines 

A and C [29], FACE gasolines F and G [30] and for light naphtha [31], to say a few. It can 

be seen from the tables that FG-I and FG-J closely matches various targets of FACE I and 

FACE J respectively; whereas, a simple PRF 70 surrogate only matches the octane number 

of the fuels. Here, ignition delay times of FACE I and FACE J will be compared with the 

experimentally measured ignition delay times of PRF 70 and with the simulations of PRF 

70, FG-I and FG-J surrogates.  FACE gasoline mechanism [30] is used for ignition delay 

times simulations in this study.  
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Table 3-2: Properties of FACE gasoline I and J and muti-component and Primary Reference Fuel 

(PRF) surrogates. Hydrocarbon types are given in mol%. 

 FACE I FG-I 

surrogate 

FACE J FG-J 

surrogate 

PRF 70 

surrogate 

RON 70.3 70.7 71.8 71.7 70 

MON 69.6 68.4 68.8 67 70 

Sensitivity 0.7 2.3 3 4.7 0 

AKI 69.95 69.55 70.3 69.4 70 

Avg. mol. wt. 95.5 98.9 94.7 93.1 109.7 

n-alkanes 14 12 31.5 32.3 33.0 

iso-alkanes 70 72 32.4 33.1 67.0 

Cycloalkanes 4 6 2.4 - 0.0 

 
Aromatics 5 4 30.6 34.6 0.0 

 
Olefins 7 6 0.6 - 0.0 

Unidentified - - 2.5 - - 

 

 

Table 3-3: Composition of the multi-component and PRF surrogates. Note that compositions are 

listed as mole fractions here. 

  
FG-I 

surrogate 

FG-J 

surrogate 

PRF 70 

surrogate 

n-butane 
 

0.13 - 

2-methylbutane 0.11 - - 

2-methylhexane 0.27 0.25 - 

1-hexene 0.06 - - 

n-heptane 0.12 0.2 0.33 

2,2,4-trimethylpentane 0.34 0.08 0.67 

cyclopentane 0.06 - - 

toluene 0.04 0.34 - 
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3.3 Results and discussion 

Ignition delay measurements were performed behind reflected shock waves in a high-

pressure shock tube (HPST) and a rapid compression machine (RCM) at King Abdullah 

University of Science and Technology (KAUST). Throughout this section, solid symbols 

represents ignition delay results from HPST and open symbols are ignition delay data from 

RCM. For experimental and simulation details see Chapter 2. 

3.3.1 Ignition delay times of light naphtha and surrogates 

HPST ignition delay times and simulations 

High-pressure shock tube (HPST) ignition delay times for light naphtha / air mixtures 

are shown in Figure 3-1 (a) – (c) (solid squares). Ignition delay times decrease with an 

increase in pressure for all equivalence ratios. The data show typical high-temperature (T 

> 900 K) Arrhenius behavior and negative temperature coefficient (NTC) behavior at 

intermediate temperatures (800 < T < 900 K). We also note that ignition delay times 

decrease with increasing equivalence ratio at each pressure (not shown), with fuel-rich (φ 

= 2) mixtures being fastest. In a separate experimental campaign, shock tube ignition delay 

times were measured for a PRF 70 blend at φ = 0.5 and 1. Ignition delay times for light 

naphtha and PRF 70 show reasonable agreement (Appendix Figure A5). However, in the 

NTC region at 20 bar, the PRF 70 data are slightly slower than the light naphtha data. Mehl 

et al. [82] have shown that the ignition delay times at 825 K and 20 bar can be correlated 

with the research octane number of the fuel, with fuels of higher octane rating yielding 

longer ignition delay times. The small differences in ignition delay between light naphtha 

and PRF 70 can therefore be attributed to their different octane ratings (RON 64.5 vs. 70). 

Ignition delay shock tube simulations of the PRF 64.5 surrogate (using LLNL mech, 
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dotted lines) and LN-KAUST surrogate (using FACE gasoline mechanism, solid lines) are 

also shown in Figure 3-1 (a) – (c). Both the LN-KAUST and PRF 64.5 surrogate 

simulations are in reasonable agreement with each other except at φ = 2, where the PRF 

64.5 simulations show shorter ignition delay times compared to the multi-component 

surrogate simulations. Moreover, both simulations are in good qualitative and quantitative 

agreement with the measured light naphtha shock tube ignition delay data and capture the 

pressure, temperature and equivalence ratio trends of the experiments. These experimental 

and simulated observations are consistent with those reported by Sarathy et al. [29], who 

showed that for highly paraffinic gasolines, a PRF surrogate suffices for the ignition 

requirements in the high temperature and NTC regions.  

RCM ignition delay times and simulations 

Rapid compression machine (RCM) ignition delay times for light naphtha / air 

mixtures are shown in Figure 3-1 (a) – (c) (open squares). Both HPST and RCM data show 

excellent consistency and have some overlapping data points as well. The RCM data, 

particularly at lower temperatures, show very weak pressure dependence, with ignition 

delays at 40 bar being only marginally shorter than at 20 bar. We also note that the low-

temperature RCM data show negligible dependence on the equivalence ratio (not shown).  

Ignition delay RCM simulations of the PRF 64.5 surrogate (using LLNL mech, 

dotted lines) and LN-KAUST surrogate (using FACE gasoline mechanism, solid lines) 

reproduce weak dependence on pressure and equivalence ratio observed in experiments. It 

can be seen clearly that at these low-temperature (T < 714 K) RCM conditions, the PRF 

64.5 simulations show significantly shorter ignition delay times compared to the multi-

component simulations, in particular at φ = 1 and 2. The LN-KAUST surrogate simulations 
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closely capture the measured ignition delay data of light naphtha. This points to the fact 

that, at low temperatures, reactivity of a lightweight fuel (Avg. Mol. Wt. light naphtha = 

78.4) matches best with the surrogate that most closely mimics the compositional makeup 

of the fuel, and a simple binary PRF surrogate may not fulfil the low-temperature ignition 

requirements even for a highly paraffinic lightweight.  

 

Figure 3-1: Measured and simulated ignition delay times for: (a) light naphtha at φ = 0.5, (b) light 

naphtha at φ = 1, (c) light naphtha at φ = 2, and (d) light naphtha, LN-KAUST and PRF 64.5 surrogates at 

φ =2. Solid symbols: shock tube data, open symbols: RCM data. Solid lines: LN-KAUST surrogate 

simulations, dotted lines: PRF 64.5 simulations. 

To explore the differences in reactivity at low temperatures, further RCM ignition 
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experiments were performed for the PRF 64.5 and LN-KAUST surrogate mixtures; the 

results are plotted in Figure 3-1 (d). These experiments were carried out at 20 bar and under 

rich conditions (φ =2), where the greatest differences were seen (Figure 3-1 (c)). The 

measured ignition delays confirm the simulated trends of the two surrogates. There is 

approximately a factor of two difference in the reactivity of light naphtha (black squares) 

and PRF 64.5 (blue stars). Ignition delay times for the LN-KAUST surrogate (red 

diamonds) are in good overall agreement with the light naphtha experimental data and with 

the LN-KAUST simulations (solid red line). 

3.3.2 Ignition delay times of FACE gasoline I and J and surrogates 

HPST and RCM ignition delay times 

Figure 3-2 shows the ignition delay measurements of FACE I (circles) and FACE J 

(squares) at 20 and 40 bar and at an equivalence ratio of 1 (Figure 3-2 (a)) and 0.5 

(Figure 3-2 (b)). It can be seen from the figure that, in general, the two gasolines with vastly 

varying compositions and similar octane ratings, FACE I and FACE J ignition delay times 

are in good agreement with each other over the entire temperature range. Furthermore, it 

can be seen that both fuels exhibit full NTC behavior in temperature range of  750 – 850 

K. These results are in line with literature findings [29, 31] that two gasolines with similar 

octane numbers and low sensitivity also exhibit very similar ignition delay times. Small 

differences in octane numbers (RON and MON) of these two gasolines and their effect on 

ignition delay times are also evident in these measurements (albeit scatter and consistency 

of these fine trends over wider range in these measurements may render the current 

differences as minor effects). Mehl et al. [83, 84] have shown that ignition delay times 

correlates well with RON of the fuel in the NTC region (825 K, 25 atm) with lower RON 
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resulting in lower ignition delay times; our data at 20 bar, especially for  = 1 (Figure 3-2 

(a)), shows that FACE I with slightly smaller RON than FACE J (RON 70.3 vs 71.8) has 

also faster ignition delay times. Sarathy et al. [30] have shown that fuel with high sensitivity 

(lower MON) exhibit lower ignition delay times in 800 – 900 K temperature range (out of 

NTC region) compared to low sensitivity gasoline of similar AKI; our RCM data at  = 0.5 

(Figure 3-2(b)) exhibit this trend with FACE J (MON = 68.8) being slightly faster than 

FACE I (MON = 69.6). Nonetheless, it is acknowledged here that neither the octane 

number differences between these gasolines are larger enough, nor the data is scatter free 

and consistent in these fine trends over a wider range to ascertain these points with same 

conviction as done in previous studies [30, 83, 84]. 

 

 

Figure 3-2: Ignition delay times of PRF 70, FACE I and FACE J at 20 and 40 bar for equivalence 

ratios of (a) 1 and (b) 0.5. 

Figure 3-2 further shows a comparisons between the ignition delay times of these 

gasolines with PRF 70 (stars) surrogate. It can be seen from the figure that PRF 70 

surrogate, matching the AKI of these low sensitivity gasolines, is sufficient to capture the 
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reactivity trends of FACE I and FACE J. Only at low temperatures RCM conditions, PRF 

70 is marginally faster than the gasolines. These findings are consistent with our previous 

work [29, 31] and further strengthens the effectiveness of a simple bi-component PRF 

surrogate in capturing the reactivity of low sensitivity (S < 3) full boiling range gasolines.  

Ignition delay simulations 

Along with PRF 70 simulations, multi-component surrogate simulations (FG- I and 

FG-J) are also presented here. The purpose of presenting (and developing) multi-

component surrogate simulations is our objective to provide guidelines for surrogate 

requirements for engine applications. As mentioned in the introduction section, low octane 

gasolines (FACE I, FACE J, naphthas, etc.) are expected to operate in GCI engine mode. 

Researchers at KAUST (Internal communication PhD student Nimal Nasir at KAUST) 

have recently conducted an interesting study. They performed HCCI and PPCI engine 

experiments using FACE I as fuel. They have shown that, under HCCI conditions (which 

are more representative of homogenous shock tube and RCM like conditions and are 

reactivity controlled), a PRF surrogate matches the combustion phasing targets of FACE I. 

However, under PPCI conditions (where spray formation and mixing plays an important 

role), a simple PRF surrogate fails to capture the combustion phasing targets of FACE I. 

This brings about an interesting research question to forefront that what complexity in a 

surrogate is required to capture combustion phasing targets in a particular engine operating 

mode; we at KAUST are undertaking an extensive study to answer this important question 

(see section 7.2.2). Nonetheless, this also highlights the importance of more stringent 

surrogate formulation methodologies (similar to the one developed at KAUST [77]) to take 

various engine mode relevant targets into consideration rather than simply matching the 
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octane numbers.  

Comparisons of measured ignition delay times with simulations are shown in 

Figure 3-3 and Figure 3-4. It can be seen from the figures that PRF 70 simulations (blue 

lines) captures the reactivity of the gasolines and the PRF 70 data reasonably well at high 

(T > 900 K) and low temperatures (T < 700 K), but are slower compared to measured data 

in the NTC region (T  750 – 850 K). FG-I (black lines) surrogate simulations shows quite 

similar trends to PRF 70 simulations. FG-J (red lines) surrogate simulations show similar 

trends to PRF 70 and FG-I at low temperatures, have a good agreement with data in the 

NTC region, and finally at high temperatures they overpredict the ignition delay times of 

FACE J (and other fuels as well).  

The FACE gasoline mechanism developed by Sarathy et al. [30] (KAUST, NUIG, 

LLNL collaboration) was purposely put together for gasoline and surrogates simulations 

and to take into account various gasoline surrogate palette species. This mechanism is 

constantly being upgraded to improve its predictions, and the latest update (internal 

communication Prof. S. M. Sarathy; not shown here) improves the PRF simulations 

significantly over wide range of data measured in this study and other studies from our 

group [31, 70]. To improve the predictions for FG-I (7 component) and FG-J (five 

component) requires a concerted effort and integration of various sub-models and is 

beyond the scope of this work. Here (in section 3.3.4), the mechanism will be used as it is, 

to explain some interesting trends where a good agreement between the simulations and 

the data is seen.  
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Figure 3-3: Comparison of experiments (scatter) and simulations (lines) for equivalence ratio 1 at (a) 

20 bar and (b) 40 bar. Simulations done using FACE gasoline mechanism [30]. 

 

 

Figure 3-4: Comparison of experiments (scatter) and simulations (lines) for equivalence ratio 0.5 at 

(a) 20 bar and (b) 40 bar. Simulations done using FACE gasoline mechanism [30]. 

3.3.3 Chemical kinetic analyses for light naphtha and surrogates  

In section 3.3.1, it was shown that a PRF surrogate fails to capture the ignition 

requirements of a lightweight highly paraffinic fuel (light naphtha Avg. Mol. Wt. = 78.4). 
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It was also shown that in the high and NTC temperature regimes, a PRF surrogate 

satisfactorily captures the ignition requirements of a highly paraffinic fuel. Here we will 

utilize kinetics analysis to explain these trends.  

Low temperature (T < 700 K) trends 

At low temperatures, fuel is primarily consumed through hydrogen abstractions by 

HO2 and OH radicals. Although hydrogen abstraction by HO2 is slower than that by OH, 

the relative concentration of HO2 is significantly higher at early reaction times, and thus 

both radicals contribute to fuel consumption [85, 86]. The fuel radicals (R) react with O2 

to form alkylperoxy radicals (ROO), which then undergo a series of isomerization and O2 

addition reactions to form ketohydroperoxides (KHPs) and OH radicals; the decomposition 

of KHPs produces additional OH radicals, resulting in an exponential growth of OH 

radicals. Chain propagation (cyclic ether formation) and chain termination (concerted 

elimination of HO2) reactions compete with the aforementioned low-temperature chain 

branching reactions and inhibit the reactivity of the system. Figure 3-5 shows the evolution 

of OH (solid lines) and HO2 (dotted lines) during the oxidation of the PRF 64.5 (red lines) 

and LN-KAUST (black lines) surrogates at 650 K, 20 bar, φ = 2. The simulations indicate 

a single-stage ignition process, which is in agreement with experimentally measured 

pressure profiles (Appendix Figure A6). The mole fraction of OH grows exponentially 

until it reaches a critical value (~ 1E-8); at this point thermal runaway and ignition occur. 

It can be seen that the rate of OH and HO2 radical growth during PRF 64.5 oxidation is 

much faster than in LN-KAUST surrogate oxidation, resulting in shorter overall ignition 

delay times for the former (see Figure 3-1 (d)). This difference in reactivity is due to the 

large difference in underlying chemical composition of the two surrogate mixtures.  
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Figure 3-5: Simulated constant volume temperature, OH and HO2 profiles during the oxidation of 

PRF 64.5 and LN-KAUST surrogates. Initial conditions: T = 650 K, P = 20 bar, φ = 2. FACE gasoline 

mechanism is used for simulations. The arrows are drawn at 2/3 τign. 

A rate of production (ROP) analysis was carried out during the exponential growth 

phase of OH and HO2 radicals to demonstrate the effects of the underlying chemistry on 

ignition delay times. The ROP analysis was performed at about 2/3 of the total homogenous 

ignition delay time which roughly corresponds to the pre-ignition HO2 peak. The arrows 

drawn in Figure 3-5 show this time. The results of the ROP analysis are shown in Figure 3-6 

(upper panel: LN-KAUST surrogate, lower panel: PRF 64.5 surrogate). Production 

pathways for OH and HO2 are quite different for the two surrogates as these pathways 

depend strongly on the compositional makeup of the surrogate. Structural formulas of the 

species appearing in the ROP analysis are included in the Appendix (Table A3).  

The PRF 64.5 surrogate consists of n-heptane and iso-octane, while the LN-KAUST 

surrogate consists primarily of pentane isomers (normal, iso, cyclo). In the PRF 64.5 

surrogate, the n-heptane low-temperature chemistry dominates the OH radical buildup, 

while the chemistry of the pentane isomers controls the OH radical growth for the LN-

KAUST surrogate. It can be seen from Figure 3-6 (a) and (c) that H-abstraction by OH 
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from the secondary sites of n-pentane and n-heptane to produce n-pentyl and n-heptyl 

radicals are the most dominant OH consumption pathways for the LN-KAUST and PRF 

64.5 surrogates, respectively. Sivaramakrishnan et al. [87] and Badra et al. [88]  have 

shown that H-abstraction by OH from secondary C-H2 sites is dominant over abstractions 

from primary C-H3 sites. The total rate of H-abstraction increases as the carbon-chain 

length increases, due to the presence of additional secondary sites. Therefore, n-heptyl 

radicals (primarily C7H15-2 and C7H15-3) in the PRF 64.5 surrogate are produced faster 

than n-pentyl radicals (primarily C5H11-2) in the LN-KAUST surrogate. Once fuel radicals 

are formed, a series of low-temperature reactions produce OH radicals. The low-

temperature chain branching pathway is accelerated by internal H-atom migration via six-

membered transition state rings between secondary C-H2 sites. n-heptane has a larger 

fraction of secondary C-H2 sites compared to n-pentane, and thus the former populates the 

OH radical pool more quickly. The faster initial production of n-heptyl radicals over n-

pentyl radicals and the more pronounced low-temperature chain branching chemistry of n-

heptane compared to n-pentane is the primary reason for the shorter ignition delay times of 

the PRF 64.5 surrogate compared to the LN-KAUST surrogate.  
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Figure 3-6: Rate of production (ROP) analysis of OH (a, c) and HO2 (b, d). Upper panel: LN-

KAUST surrogate, Lower panel: PRF 64.5 surrogate. T = 650 K, P = 20 bar, φ = 2. FACE gasoline 

mechanism is used. ROP analysis was performed at 2/3 τign. 

NTC (T  750 – 850 K) region trends 

The ROP analysis for HO2 is shown in Figure 3-6 (b) and (d) for the LN-KAUST 

and PRF 64.5 surrogates, respectively. The recombination of HO2 radicals to form H2O2 

(2HO2 ↔ H2O2 + O2) and the decomposition of H2O2 to two OH radicals lead to the ignition 

event (H2O2 is relatively stable below 900 K). These reactions become more important in 

controlling ignition when the HO2 concentration and temperature are higher. Hydrogen 

abstraction by HO2 to produce n- or iso- alkyl radicals are important fuel-specific 

consumption channels, while concerted elimination reactions from alkylperoxy radicals to 

produce alkenes and HO2 are important production channels (RO2=alkene+HO2).  
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Figure 3-6 (b) and (d) show that concerted elimination from cyclopentyl peroxy and n-

pentyl peroxy radicals are important in the LN-KAUST surrogate, which results in longer 

ignition delay times.  

The present experimental and kinetic analyses demonstrate that multi-component 

surrogates better reproduce the low-temperature reactivity of a low octane, highly 

paraffinic lightweight fuel, and that such systematic surrogate formulations provide a 

deeper understanding of the low-temperature reactivity of these fuels. 

3.3.4 Chemical kinetics analysis for FACE I and J and surrogates 

High temperature (T > 1000 K) trends 

It is previously [29-31, 69] that at high temperatures (T > 1000 K), ignition delay 

times of practical fuels are not sensitive to octane numbers. This is because, at high 

temperatures, chain branching is controlled through H2O2 (+M) ↔ ȮH + ȮH (+M) reaction 

and is favored more or less equally for a wide range of practical fuels/surrogates. Here we 

have seen similar trends (Figure 3-2), that at high temperatures, FACE I, FACE J and PRF 

70 exhibit similar experimentally measured ignition delay times. Also the simulations 

(Figure 3-3 and Figure 3-4), with exception of FG-J simulation being slightly slower, 

captures the experimental data.  

Low temperature (T < 700 K) trends 

In the work on TPRF surrogates (see 0) [69], it will be shown that, at low 

temperatures (T< 700 K), fuels with low RON and sensitivity show weak effects of octane 

numbers on ignition delay times. Moreover, it will be also shown that, fuels with high RON 

and sensitivity (S > 7), where sensitivity is attributed to high Toluene (aromatics) content, 

are less reactive at low temperatures compared to low RON and low sensitivity fuels. In 
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the present work, it can be seen that (20 bar data in Figure 3-2 (a) and (b)) all the three 

fuels studied here, exhibit similar reactivity at low temperatures. The fuels studied here 

have similar octane ratings and modestly low sensitivities (S < 3), yet their compositions 

are widely different.  Table 3-2 shows that FACE I is highly paraffinic ( 84 mol %) and 

have some aromatic ( 5 mol %) and olefinic ( 7 mol %) content as well; whereas FACE 

J also has high paraffinic ( 64 mol %) content, but it also consists of high aromatic ( 30 

mol %) content. On the other hand, PRF 70 surrogate is 100 % paraffinic with zero 

sensitivity. Here the hydroxyl (OH) rate of production (ROP) analysis is utilized by 

following the same guidelines as in our previous works [31, 69] (see also 3.3.3 for ROP 

analysis details) to explain why similar reactivity is observed at low temperatures times for 

the three fuels with varying composition and similar octane ratings.  

The ROP analysis is performed at a time corresponding to 2/3 of the first stage OH 

peak, and hence have negligible effects of temperature rise associated with ignition (first 

and second stage). Figure 3-7 shows the ROP OH analysis for PRF 70, FG-I and FG-J 

surrogates. This analysis was conducted at 700 K, 20 bar and at an equivalence ratio of 1. 

Out of all the reactions influencing ROP OH, top 12 reactions promoting and inhibiting 

ROP OH were selected for each surrogate. Furthermore, various pathways of a similar 

reaction class were coupled in a single representative reaction pathway for brevity. For 

example, hydrogen abstraction through secondary sites of n-heptane (NC7H16) can proceed 

through five secondary sites to produce n-heptyl (C7H15) radicals, the effective ROP OH 

of all these pathways (pathways which appear in top 12 ROP OH) is coupled in generic 

reaction to produce n-heptyl radical. It can be seen from the figure that hydrogen 

abstraction by OH to produce n-heptyl radicals (NC7H16 + OH  C7H15 + H2O) is 



  

68 

 

important consumption (negative ROP) pathway for all the fuels. These n-heptyl radicals 

can add on O2 and go through internal isomerizations to produce ketohydroperoxide 

radicals (C7H14OOH(a)-(b)O2  NC7KET(ab) + OH) which can further decompose to OH 

radicals hence completing low temperature chain branching process. Similarly, FG-I and 

FG-J surrogate, because of the presence of 2-methylhexane (C7H16-2) in them, can 

consume OH to produce branched heptyl (C7H15-2) radicals, these branched heptyl radicals 

follow similar low temperature chain branching pathways (C7OOH(a)-(b)O2-2  

C7KET(ab)-2 + OH). Hence, important OH consumption pathways include hydrogen 

abstraction by OH from secondary sites of n-heptane (and its isomers) and are quite similar 

in their rates for all the fuels. Also, the production pathways follows the formation of C7 

ketohydroperoxides whose rates are quite comparable for all the fuels as well. Therefore, 

the largely varying differences in the compositions of these fuels doesn’t have much effect 

on their reactivities (and octane numbers) at low temperatures. Combined the current 

findings and those of literature studies [30, 69] (see also findings related to octane 

dependence of on ignition delay times of TPRFs in 0), it can be stated that low temperature 

reactivity differences for practical full boiling range fuels only become significant for 

larger sensitivities (S > 7).  
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Figure 3-7: ROP OH analysis at for various fuel/air mixtures at an equivalence ration of 1. T = 700 

K, P = 20 bar.  

To experimentally verify the above assertion, that only high sensitivity full boiling 

range fuels exhibit reactivity differences at low temperatures, Figure 3-8 shows the 

experimentally measured low temperature ignition delay times of a wide range of fuels at 

20 bar and phi = 1 conditions. First lets’ look at low to mid (S < 7) sensitivity fuels. It can 

be seen from the figure that FACE A and C (S  0), PRF 84 (S = 0), TPRF70 (S = 4), TPRF 

80 (S = 5.7), and FACE I (S = 0.7), FACE J (S = 3) and PRF 70 (S = 0) all exhibit similar 

ignition delay times. Next, high sensitivity fuels (S > 7), TPRF 97.5 (S =10.9), FACE G (S 

= 11) and TPRF 91 (S = 7.6) all show different levels of octane dependences and are slower 

compared to rest of low sensitivity fuels. The only exception here is FACE F (S = 5.6), 

which despite being mid sensitivity, show octane dependence at low temperatures. The 

data presented in the figure is from three different RCM facilities (KAUST (FACE I, FACE 

J and PRF 70), NUIG (TPRF 70 – 97.5), UCONN (FACE A, FACE C, PRF 84, FACEF 

and FACE G)) and further supports the above assertion.  
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Figure 3-8: Experimentally measured low temperature ignition delay data for a wide range of fuels 

at 20 bar and phi = 1. FACE A, FACE C and PRF 84 data taken from [29], TPRF 70 – 97.5 data taken from 

[69], FACE I, FACE J and PRF 70 (current study), and FACE F and G data taken from [30].  

NTC (T  750 – 850 K) region trends 

In the NTC region (T  750 – 850 K), it could be seen (Figure 3-2 (a) and (b)) in the 

experimentally observed ignition delay times that all fuels exhibit similar reactivity (albeit 

some minor distinctions).  However, the simulations show clear trends, that FG-J surrogate 

simulation is faster compared to FG-I and PRF 70 surrogate simulations and exhibit less 

NTC behavior. The two surrogates formulated for simulating current data have following 

predicted octane ratings: FG-I RON = 70.7, MON = 68.4, S = 2.3; FG-J RON = 71.7, MON 

= 67, S = 4.7. The lesser NTC observed for the FG-J simulations could be explained by the 

fact that FG-J surrogate has larger predicted sensitivity and we have shown previously that 

larger sensitivity fuels exhibit lesser NTC behavior [69]. These reactivity differences seen 

in simulations among various may be an artifact of mechanism discrepancy to capture the 

experimental data, as is the case in FG-J simulations failing to capture the high temperature 

reactivity as well, and could be resolved with better optimizing the chemistry of some of 
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the species present in these surrogates. Although an HO2 ROP can be utilized to explain 

the trends in the NTC region, as done in our previous work [69], the simulated differences 

seen here are not consistent with experimental findings and hence such explanations of 

trends are not presented here.  

 In this chapter, the ignition delay times of low octane gasolines are reported and 

surrogate formulation constraints are suggested for them. It is shown that at high 

temperatures and NTC region, a PRF surrogate satisfactorily captures the ignition 

requirements of these gasolines. At low temperatures, a PRF surrogate fails to capture the 

reactivity of lightweight fuel (light naphtha); however, for full boiling range low sensitivity 

gasolines like FACE I and J, a PRF surrogate performs reasonably at low temperatures as 

well.  
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Chapter 4: SPECIATION AND IGNITION STUDIES OF 

MID OCTANE GASOLINES AND SURROGATES 

In this chapter, laser absorption based species time histories during the combustion 

of two mid-octane highly paraffinic (Sensitivity  0) gasolines, FACE gasoline A and C, 

are presented. Speciation data can be used to impose stringent constraints on a chemical 

kinetics mechanism. Moreover, ignition delay times of these gasolines are also reported to 

complement speciation data. The two gasolines have similar antiknock index (AKI  84) 

but have widely different compositions; therefore, it is interesting to see if these disparity 

in their compositions have any effect on speciation and global reactivity (ignition delay 

times). These datasets are one of the first measurements of species of shock heated fully 

blended gasolines and are expected to be used widely as validation targets for gasoline 

surrogate mechanism development.  

4.1 Introduction 

The commercial transportation-grade gasoline is a complex mixture of hundreds of 

hydrocarbons including linear and branched paraffins, naphthenes, olefins and aromatics. 

It becomes extremely inefficient to accommodate all of these species in any real world 

computational/experimental scenario. These difficulties can be overcome by considering a 

surrogate mixture of a few well-known components in a well-defined composition to 

emulate the target properties of the real fuel. Generally, these target properties include 

desired combustion characteristics (ignition delay, flame speed, etc.) and/or physical 

properties (molecular weight, H/C ratio, distillation curve, etc.). However, it should be 

noted that a given surrogate may not be able to match all physical and kinetic targets 
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simultaneously. A conventional scale for rating the ignition properties of gasoline fuels is 

the research octane number (RON) and/or the motor octane number (MON) based on 

blends of gasoline primary reference fuels (PRF), n-heptane and iso-octane. Blends of 

primary reference fuels have previously been used as gasoline surrogates. The chemical 

kinetics of PRFs has been studied quite comprehensively over the last decade or so. Work 

by Curran et al. [7, 8] on n-heptane/iso-octane and by Mehl et al. [79] on gasoline 

surrogates provides good account of the experimental and chemical kinetic modeling 

studies of primary reference fuels. Ignition delay times of PRF blends have been measured 

previously by few groups [14, 15, 89]. More complex multi-component gasoline surrogates 

have been proposed in ignition delay studies under HCCI-like conditions [23, 28, 90]. 

In the current study, the oxidation characteristics of FACE gasoline A and C are 

investigated. Table 4-1 shows some of the key features of these two fuels, more detailed 

compositional analysis of different FACE gasoline and diesel fuels can be found in [29, 

91]. Both gasolines have very similar octane rating but they differ in their compositions; 

FACE C has more than double the amount of n-paraffins than FACE A. Also, small amount 

(~ 4%) of aromatics are present in FACE C but are almost negligible in FACE A. The two 

gasoline fuels are compared here against a PRF blend of 84% iso-octane / 16% n-heptane 

(by volume), referred to as PRF 84 in this work.  
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Table 4-1: Properties of FACE gasoline fuels and PRF surrogate. The hydrocarbon types for FACE 

A and C were determined by Detailed Hydrocarbon Analysis (DHA) technique. 

Fuel Properties 
FACE 

Gasoline A 

FACE 

Gasoline C 

PRF 

84 

RON 83.5 84.7 84 

MON 83.6 83.6 84 

Sensitivity -0.1 1.1 0 

Avg. mol. wt. 97.8 97.2 112 

Hydrocarbon Type, liquid mol% 

n-Paraffins 13.2 28.6 17.6 

iso-Paraffins 83.7 65.1 82.4 

Aromatics 0.3 4.4 0 

Alkenes 0.4 0.4 0 

Cycloalkanes 2.4 1.5 0 

H/C ratio 2.29 2.27 2.26 

 

Chemical kinetic models are often validated against global kinetics targets such as 

ignition delay and flame speed data obtained from shock tubes, rapid compression 

machines, and simple canonical flames. Such data provide an overall view of the kinetic 

mechanism behavior and its ability to predict fuel reactivity but these data cannot be used 

to validate complex reaction pathways which are important, for example, in predicting 

emissions. The detailed chemical kinetics also play important role in controlling the fuel 

reactivity under HCCI- or PCCI- like conditions. Comprehensive validation of detailed 

chemical kinetic mechanism would benefit greatly by experimentally measured species 

time-history profiles. Shock tube / laser absorption experiments are particularly well-suited 

for acquiring species time-history data [92-96] because of the step change in test conditions 

behind shock waves, the highly uniform temperatures and pressures, and the fast time 

response of laser absorption diagnostics. 

Figure 4-1 shows the predictions for the evolution of five major species formed 
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during the oxidation of PRF 84. Simulations are carried out using gasoline surrogate 

mechanism of Mehl et al. [79] with constant internal energy and volume (constant UV) 

gasdynamic model in Chemkin-Pro [97]. The fuel decomposes immediately within the first 

10 – 50 µs producing fuel fragments, C1 – C4 intermediate species and an active radical 

pool. The concentrations of the reaction progress markers (CO, H2O and CO2) increase 

slowly at early times, over the 50 – 450 µs window in this example, until there is an 

exponentially fast growth of OH radicals and significant energy release from the CO + OH 

↔ CO2 + H reaction. Post-ignition CO2 and H2O concentrations will eventually approach 

their equilibrium values governed primarily by their thermochemical properties. Details of 

the species time-histories in the pre-ignition region are very important, and can provide 

very stringent constraints on mechanism predictions and validations.  

 

Figure 4-1: Simulated profiles of major species formed during the oxidation of PRF 84. Mixture: 

0.2% PRF84/O2/Ar (Φ = 1), T = 1500 K , P = 2 atm. Constant internal energy and volume (constant UV) 

simulations performed in Chemkin-Pro [97] using Mehl et al. mechanism [79].  

Here, species time-history and ignition delay time measurements for FACE gasolines 

A and C as well as a PRF 84 surrogate are presented. The low pressure shock tube ignition 
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delay experiments were carried out with the fuel concentration of 0.2% diluted in Argon 

for  = 1 at 2 atm. Species time-histories of OH, CO, CO2 and H2O were measured using 

laser-based UV and IR absorption spectroscopy at same conditions. Further ignition delay 

experiments were performed for 0.4% fuel diluted in Argon at  = 0.5 and 1 at 10 atm. The 

reactivity and speciation of the three fuels were compared based on the fuel composition. 

Ignition delay data for these fuels, at a wide range of practical conditions, taken from the 

literature, is also shown for a complete picture.  

 

4.2 Methodology 

4.2.1 Ignition delay measurements 

Two types of ignition measurements are presented here. Firstly, highly diluted 

experiments (Argon dilution) with fuel concentration of 0.2% at 2 atm and = 1, and 0.4% 

at 10 atm at  = 0.5 and 1 are carried out in KAUST low pressure shock tube. Next, high 

pressure shock tube and RCM data is taken from the literature [29] to present a complete 

picture of global reactivity (ignition delay time). For details of shock tube and RCM 

ignition delay experiments please refer to Chapter 2.  

4.2.2 Laser absorption measurements 

Four laser absorption diagnostics were used to simultaneously monitor the 

concentration time-histories of CO, CO2, H2O and OH. These diagnostics have either been 

validated previously (CO, OH) or were characterized in separate non-reactive experiments 

conducted in our shock tube facility (CO2, H2O). These diagnostics enabled us to make 

extremely sensitive measurements with relatively low detection limits at the conditions of 

our experiments: ~1 ppm for OH, ~10 ppm for CO and ~100 ppm for CO2 and H2O. The 
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overall uncertainty in these speciation measurements is < 5% and primarily comes from 

uncertainty in absorption cross-section, post-shock temperature (T5) and calculation of 

temperature time-history. Highly diluted conditions (Argon dilution) with fuel 

concentration of 0.2% at 2 atm and = 1 were used to perform laser absorption speciation 

measurements. Details of each diagnostic is provided in Chapter 2.  

4.2.3 Calculation of temperature time-history 

 Beer-Lambert law for spectrally narrow radiation can be written as  I/Io = exp(-

𝑆𝑃𝐿ɸ𝒗X), where I/Io is the ratio of transmitted and incident laser intensities, S(T) is the 

line-strength, P is the total pressure, L is the laser path-length, ɸ𝑣(T,P) is the line-shape 

function and X is the mole fraction of the absorbing species. The line-strength and line-

shape are temperature-dependent quantities and their variation with temperature is either 

known from a spectral database or determined via line characterization experiments. For 

shock tube experiments, the temperature behind reflected shock wave (T5) is calculated 

from the measured incident shock speed and thermodynamic parameters of the gas mixture. 

In non-reactive shock tube experiments, the T5 remains almost constant throughout the test 

time (~ 2 ms). However, in reactive experiments, energy release from exothermic 

combustion reactions can cause the temperature to increase substantially during and after 

the ignition event. Thus a temperature time-history is needed to accurately calculate the 

mole fraction time-history using Beer’s law. In the absence of direct temperature 

measurement, a temperature profile simulated by a chemical kinetic mechanism is used for 

the calculation of temperature-dependent spectroscopic quantities, i.e., line-strength and 

line-shape functions. Shock tubes are usually modeled with constant volume and constant 

internal energy (constant UV) constraints. However, these constraints are not suitable for 
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situations where sufficient energy release takes place. In this work, we imposed the 

measured-pressure profile in Chemkin-Pro [97] and solved the energy equation to calculate 

temperature time-history. This modeling approach, referred to as UMP (constant internal 

energy with measured pressure profile), is used throughout the paper to generate 

temperature time-histories for converting measured absorbance profiles to concentration 

time-histories. This approach is demonstrated in Figure 4-2, and compared with 

calculations using constant UV constraints and the ChemShock code proposed by the 

Stanford University group [98]. As expected, the constant UV simulations greatly 

overpredict the temperature and pressure. The temperature time-histories calculated using 

UMP and ChemShock are essentially similar, though the UMP approach is easier to 

implement. 

4.2.4 Validation of laser diagnostics 

Since chemical kinetic mechanisms for n-heptane are very well-validated, species 

time-history profiles were initially measured during the oxidation of n-heptane 

stoichiometric mixtures to validate the laser diagnostics and the temperature modeling 

strategy. Measurements were carried out in a mixture of 0.2% n-heptane/oxygen/argon 

over a range of temperatures (1350 – 1500 K) and pressures near 2 atm. A representative 

dataset is shown in Figure 4-3 at a reflected shock temperature of 1440 K. The measured 

and simulated profiles (using Mehl et al. [79]  mechanism) are generally in good agreement 

with some minor differences. For example, the mechanism overpredicts H2O production 

and underpredicts CO production at relatively early times of 50 – 100 µs. It is expected 

that all of the fuel carbon will get converted to CO and CO2 in the post-ignition region. 

Carbon balance can be calculated in the post-ignition region for validating the CO and CO2 
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diagnostics. At an elapsed time of 700 µs, the sum of measured CO and CO2 mole fractions 

is 13100 ppm which is within 6.5% of the initial fuel carbon (14000 ppm).  

 

 

Figure 4-2: Comparison of modeled (a) temperature and (b) pressure using various gasdynamic 

models (UV = constant internal energy and volume, UMP = constant internal energy with measured 

pressure) during the oxidation of 0.2% n-heptane/ O2/Ar (Φ = 1), T = 1440 K , P = 1.94 atm. Temperature 

output using ChemShock [98]  code is also shown. Simulations performed using Mehl et al. [79] 

mechanism. 
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Figure 4-3: Comparison of model prediction with experimentally measured species profiles for 0.2% 

n-heptane/O2/Ar (Φ = 1), T = 1440 K , P = 1.94 atm; solid lines: experimental profiles, dashed lines: 

Constant UV simulations using Mehl et al. [79] mechanism. 

4.3 Results and discussion 

4.3.1 Ignition delay times of FACE gasolines and PRF surrogate 

Ignition delay times were measured for the two FACE gasolines and PRF 84 blend 

over a temperature range of 1330 – 1550 K and pressures near 2 atm; results are shown in 

Figure 4-4. FACE gasoline A and C have the same overall reactivity indicated by very 

similar ignition delay times within the uncertainty limits of these experiments (~15 %). It 

is well known [99-101] that increasing the branched hydrocarbon and/or aromatic content 

in the fuel decreases overall reactivity while n-paraffins increase the reactivity. FACE 

gasoline C has almost double the amount of n-paraffins compared to FACE gasoline A. 

However, FACE gasoline C has about 5% aromatics which balances out the higher 

reactivity due to increased n-paraffins, resulting in similar octane rating and similar ignition 

delays for both gasolines. Also evident in Figure 4-4 is that PRF 84 surrogate captures the 

reactivity of these gasoline fuels over the entire temperature range of this study. This can 

be explained by the fact that both gasolines and the PRF blend are primarily paraffinic in 
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nature (~ 95% paraffinic content) and thus exhibit similar reactivity. This is consistent with 

surrogate fuel formulation strategy proposed by Dooley et al. [74] for jet fuels. They argued 

that the composition of the surrogate does not necessarily need to emulate all of the 

functional classes present in the real fuel. The composition of the surrogate should be such 

that it is able to emulate closely the development of the active radical pool and C1-C4 

intermediate species which control the chemical kinetics phenomena at high temperatures.  

 

Figure 4-4: Ignition delay times during the oxidation of stoichiometric mixtures with 0.2% fuel (iso-

octane, PRF 84, FACE A, FACE C, n-heptane) / O2 / Ar, P ≈ 2 atm; Scatter: Experimental, Dashed lines: 

Mehl et al. [79] mechanism. Dotted line: Bieleveld et al. mechanism [102] 

Comparisons of measured ignition delay times with predictions from Mehl et al. [79] 

and Bieleveld et al. [102] gasoline surrogate mechanism are also shown in Figure 4-4. The 

primary difference between the two mechanisms is that Bieleveld et al. [102] use lumped 

component/reaction method (methods developed by Ranzi and coworkers [103]) whereas 

Mehl et al. [79] consider all isomers and reaction pathways. Mehl et al. [79] mechanism 

overpredicts the experimental ignition delay times of the PRF surrogate and the two FACE 

gasolines over the entire temperature range of this study, whereas Bieleveld et al. [102] 
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mechanism underpredicts the experimentally measured ignition delay times. It can also be 

seen from Figure 4-4 that the Mehl et al. [79] mechanism predictions are closer to the 

experimental data at higher temperatures but exhibit relatively large deviations as 

temperature decreases. On the contrary, Bieleveld et al. [102] mechanism is closer to the 

experimental data at lower temperatures. The high-temperature chemistry is generally 

considered to be well established for reference fuels, such as n-heptane and iso-octane. 

Therefore, it is surprising that both mechanisms are unable to accurately predict the high-

temperature ignition delay times of the PRF blend. Also shown in Figure 4-4 are the 

experimental ignition delay times measured in our laboratory for n-heptane and iso-octane 

stoichiometric mixtures under similar conditions. Mehl et al. [79] mechanism captures n-

heptane reactivity very well but overpredicts iso-octane ignition delay times. Thus it can 

be argued that the Mehl et al. [79] overprediction of PRF 84 ignition delay times is caused 

by iso-octane kinetic mechanism or the blending of n-heptane and iso-octane chemistry. 

The kinetics of iso-octane and related smaller branched intermediates, like iso-butene, must 

be evaluated further to improve the discrepancy between the measurements and the model.  

To present a complete picture on the global reactivity (ignition delay times) of these 

fuels, Figure 4-5 and Figure 4-6 show further ignition data of these fuels. It can be seen 

from Figure 4-5 that at 10 atm diluted conditions, the two gasolines (FACE A and C) and 

the PRF 84 exhibit similar reactivity at high temperatures. Furthermore, Figure 4-6 shows 

ignition data for these fuels at practical conditions (low to high temperature, fuel / air 

mixtures, at 20 and 40 bar). It can be seen from Figure 4-6, that the two gasolines exhibit 

similar reactivity at a wide range of test conditions and PRF 84 surrogate satisfactorily 

captures their ignition requirements. PRF surrogate is only marginally faster ( 25 %) 
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compared to the gasolines at low temperatures.  

 

Figure 4-5: Ignition delay times during the oxidation of 0.4% fuel (iso-octane, PRF 84, FACE A, 

FACE C, n-heptane) / O2 / Ar, P = 10 atm at  = 0.5 and 1. Data obtained in KAUST low pressure shock 

tube and presented in [29].  

 

Figure 4-6: Ignition delay times during the oxidation of stoichiometric fuel / air mixtures (iso-

octane, PRF 84, FACE A, FACE C) / at (a) 20 atm and (b) 40 atm. Data taken from [29].  

4.3.2 Species time-histories of FACE gasolines and PRF surrogate 

Species time histories were measured for the two FACE gasolines and the PRF 



  

84 

 

surrogate over 1350 – 1550 K and nominal pressures of 2 atm.  Figure 4-7  shows the 

measured profiles of OH, CO, H2O and CO2 during the stoichiometric oxidation of 0.2% 

fuel (PRF 84, FACE A, FACE C) at a representative temperature of 1450 K. Although all 

four species are measured simultaneously for a specific fuel, the profiles shown for 

different fuels were measured in separate experiments; thus the actual reflected shock 

temperatures are 1450 ± 10 K. Both FACE A and C show very similar trends in all four 

species profiles. Also, PRF 84 surrogate captures the speciation profiles of both gasoline 

fuels reasonably well. These trends are consistent with the similarities found in ignition 

delay (Figure 4-4 and Figure 4-5) of all three fuels studied here. The chemical kinetics 

phenomena at high temperatures are primarily controlled by the presence of active radical 

pool such as OH, CH3, H, and HO2. If two fuels produce very similar active radical pool, 

it is expected that the fuels will then exhibit similar reactivity. Thus the PRF surrogate 

needs to reproduce the active radical pool of the real fuel as closely as possible in order to 

capture the chemical kinetics of the real fuel. It can be seen from Figure 4-7 (a) that both 

gasoline fuels and PRF 84 show very similar trends in OH formation and consumption. 

The pre-ignition OH concentrations for PRF 84 and FACE A oxidation are in close 

agreement whereas the OH concentration for FACE C is lower by about 30% during the 

first 100 s. Similar n- and iso-paraffin content present in PRF 84 and FACE A leads to 

similar OH profiles. The lower OH concentration for FACE C over the early time, however, 

does not appear to significantly affect the ignition delay time.   
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Figure 4-7: Measured species profiles during the oxidation of 0.2% fuel, Φ = 1, P ≈ 2 atm; 

Reflected-shock temperatures are PRF 84: 1459 K; FACE A: 1455 K; FACE C: 1443 K. Note that the CO2 

data are not available at early times due to the 100 ppm detection limit of the CO2 diagnostic used here.  

The three stable molecules measured here, CO, H2O and CO2, are important reaction 

progress markers. It can be observed from Figure 4-7 (b-d) that these species evolve quite 

similarly in time for all three fuels studied. Post-ignition plateau values of these species are 

slightly higher for PRF 84 compared to FACE A, with OH, CO and CO2 being 15%, 9% 

and 6% higher, respectively. The similarities in global reactivity of the three fuels, 

indicated by similarities in ignition delay (Figure 4-4 and Figure 4-5), can now be explained 

based on the observation that the local reactivity markers also evolve similarly during the 

induction period. These fuels may exhibit some differences in higher carbon-containing 

species produced during initial fuel decomposition, but these differences did not affect the 
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global reactivity as well as the local reactivity markers (Figure 4-4, Figure 4-5 and 

Figure 4-7) in this high-temperature study.  

Measured PRF 84 species profiles are compared with those predicted by Mehl et al. 

[79] gasoline surrogate mechanism and Bieleveld et al. [102] PRF mechanism in 

Figure 4-8. The correct prediction of OH radicals is very important, particularly in high 

temperature regime. The rates of production (ROP) of reaction progress markers, such as 

H2O (OH + H2 ↔ H + H2O, CH4 + OH ↔ CH3 + H2O) and CO2 (CO + OH ↔ CO2 + H), 

are strongly dependent on the OH radical concentration at these high temperatures. It can 

be seen from Figure 4-8 that Mehl et al. [79] mechanism (dashed lines) captures the OH 

experimental profile very well at the highest temperature of this study (1526 K), although 

there is considerable under-prediction (~ 50%) at earlier times (20 – 100 µsec). Bieleveld 

et al. [102] mechanism (dotted lines in Figure 4-8) significantly overpredicts the early-time 

concentration of all measured species and thus gives much shorter ignition delay time.  

 

Figure 4-8: Comparison of multi-species measurements with kinetic simulations during the 

oxidation of 0.2% PRF84/O2/Ar (Φ = 1), T = 1526 K , P = 2 atm. Solid lines: Measurements, Dashed lines: 

Mehl et al. [79] simulations, Dotted lines: Bieleveld et al. [102] simulations.  

Figure 4-9 shows Mehl et al. [79] model predictions for different species as a function 
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of temperature. As temperature is decreased, the OH model predictions start to deviate 

further from the OH experimental profiles; see the comparison at 1459 K, 1436 K and 1397 

K. Similar observations can be made for time-histories of CO, H2O and CO2. At 1526 K, 

Mehl et al. [79] mechanism overpredicts CO at early times, though excellent agreement 

can be seen between the simulated and experimental CO2 and H2O profiles. Importantly, 

the model fails to capture any of the reaction progress markers at lower temperatures. These 

trends are also depicted in Figure 4-4 and Figure 4-5, where the discrepancy between PRF 

84 measured and Mehl et al. [79] simulated ignition delay times increases as temperature 

decreases.  

 

Figure 4-9: Comparison of measured profiles with kinetic simulations during the oxidation of 0.2% 

PRF84/O2/Ar (Φ = 1), Solid lines: Measurements, Dashed lines: Mehl et al. [79] simulations. 

Hydroxyl sensitivity (Figure 4-10) and rate-of-production (not shown here) analyses 
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performed for PRF 84 show that OH is consumed by propene and iso-butene after the initial 

fuel decomposition and abstraction reactions. Propene and iso-butene are thus OH radical 

scavenging species and produce resonantly-stabilized allyl (C3H6 + OH ↔ C3H5-A + H2O) 

and relatively unreactive allene (IC4H8 + OH ↔ IC4H7 + H2O, IC4H7 ↔ C3H4-A + CH3), 

respectively. Thus the rates of reactions involving propene, iso-butene, allyl, and allene 

can affect the overall fuel reactivity. The uncertainty in unimolecular decomposition and 

hydrogen abstraction rates of these species may contribute to the differences between the 

experimental and modeled speciation trends. Mehl et al. [79] gasoline surrogate mechanism 

captures n-heptane reactivity quite accurately (Figure 4-3, Figure 4-4), and thus the 

discrepancy between measured and simulated PRF profiles can be the result of deficiencies 

in the iso-octane sub-mechanism or synergetic effects between the n-heptane and iso-

octane chemistry. 

 

Figure 4-10: Hydroxyl sensitivity at two instants: 15% and 75% of the predicted ignition delay time. 

0.2% PRF84/O2/Ar (Φ = 1), T = 1430 K, P = 2 atm. 

In this chapter, the ignition delay times and species time histories of two highly 

paraffinic (low sensitivity) mid-octane gasolines and their PRF surrogate are presented. 
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Using the species and ignition data, it is shown that a PRF data satisfactorily captures the 

ignition requirements of these highly paraffinic gasolines. The trends seen in species data 

nicely complement the ignition delay trends. It is shown that, at high temperatures, where 

ignition delay times of gasolines and surrogates are similar, their speciation trends are also 

quite similar with important reaction progress and completion markers evolving quite 

consistently for the gasolines and surrogates. From the current study, it can be concluded 

that a PRF surrogate, having similar octane rating, can be used to capture the global 

reactivity of a predominantly paraffinic gasoline fuel (low sensitivity) under a wide range 

of test conditions.   
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Chapter 5: IGNITION STUDIES OF HIGH OCTANE 

GASOLINES AND SURROGATES 

In this chapter, ignition delay times of ternary blends of toluene/n-heptane/iso-octane 

(TPRFs) are presented. Simple Primary Reference Fuel (PRF) surrogates, by definition, 

can not take into account the non-paraffinic content present in commercial gasolines. 

Commercial high octane gasolines have high non-paraffinic content (Sensitivity > 7). 

Therefore, TPRFs surrogates are used to adequately represent the sensitivity requirements 

of commercial high octane gasolines. A wide range of TPRF ignition data was collected 

using shock tube and rapid compression machine. The data is analyzed based on its 

pressure, equivalence ratio and octane dependence. Chemical kinetics analysis is used to 

explain experimental trends. The data are also compared with ignition delay data of 

certified high octane gasolines.  

5.1 Introduction 

Primary reference fuel (PRF) surrogates are among the simplest surrogates employed 

to emulate gasoline ignition. A PRF is a bi-component mixture of n-heptane (octane 

number defined to be 0) and iso-octane (octane number defined to be 100), with PRF xx 

meaning xx% iso-octane and 1 – xx% n-heptane by volume. Gasoline fuels are knock rated, 

having both a Research Octane Number (RON) and a Motor Octane Number (MON), based 

on comparisons with PRF blends in a cooperative fuels research (CFR) engine. Due to the 

traditional use of n-heptane and iso-octane as gasoline surrogate components, several 

experimental [15, 104, 105] and modeling efforts [8, 9, 106, 107] are available in the 

literature describing the ignition of n-heptane and iso-octane. A few chemical kinetic 
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modeling and experimental studies have also focused on describing the ignition of PRF 

blends [15, 17, 20, 25, 108-110].  

It has been shown that a PRF surrogate captures the ignition of a high-paraffinic 

content gasoline reasonably well at temperatures above 850 K [29] (see also 0 and Chapter 

4). Sarathy et al. [29] showed that for two highly paraffinic gasoline fuels, FACE (Fuels 

for Advanced Combustion Engines; Conoco Philips) gasoline A and C, a PRF surrogate 

was slightly more reactive at low temperatures (< 750 K) compared to the gasoline fuels. 

Moreover, Sarathy et al. [30] showed that for high sensitivity gasolines (FACE F and G), 

a PRF surrogate fails to capture many trends (both qualitatively and quantitatively) in the 

ignition delay times at NTC and low temperatures.  

Commercial high octane gasoline fuels generally have high aromatic content (~ 20 – 

30 %) and some other non-paraffinic (~ 5 – 10 %) components [4]. Consequently, such 

fuels tend to have a high sensitivity (S = RON – MON) which can be considered as a 

measure of the non-paraffinic content of the fuel. A PRF surrogate by definition has zero 

sensitivity and will not be able to emulate the ignition behavior of a real gasoline fuel. 

Kalghatgi and coworkers [111, 112] demonstrated that PRF surrogates cannot be used to 

rate a gasoline based on the primitive RON and MON testing methods. This discrepancy 

is due to the fact that real gasoline, due to its high sensitivity (S ~10), matches different 

PRF blends at different engine operating conditions. They proposed the use of toluene/n-

heptane [111] and toluene/n-heptane/iso-octane [112] blends as more suitable gasoline 

surrogates. Kalghatgi et al. [112] developed correlations to calculate the composition of a 

toluene/n-heptane/iso-octane surrogate to match the RON and sensitivity of a target 

gasoline for a wide range of octane numbers. By matching both RON and sensitivity, the 



  

92 

 

surrogate is expected to capture the real fuel reactivity over a wide range of conditions. 

There have been a few fundamental ignition studies of surrogates comprising three 

or more components. Gauthier et al. [23] studied the auto-ignition characteristics of n-

heptane/air, RD387 gasoline/air, and ternary surrogate/air (63% iso-octane / 20% toluene / 

17% n-heptane by volume) mixtures in a shock tube facility. They showed that the auto-

ignition behavior of the RD387 gasoline was well-reproduced by the ternary surrogate. 

Vanhove et al. [25] studied an iso-octane/1-hexene/toluene ternary blend in a rapid 

compression machine, interestingly preferring 1-hexene over n-heptane to produce low-

temperature reactivity. Kukkadapu et al. [27] measured ignition delay times of RD387 in a 

rapid compression machine and the results agreed well with the work of Gauthier et al. 

[23]. In further studies, Kukkadapu et al. [28, 73] reported better agreement of a four 

component (iso-octane/n-heptane/toluene/2-pentene) surrogate with ignition delay times 

of RD387 at lower temperatures compared to the ternary surrogate proposed by Gauthier 

et al. [23]. Sarathy et al. [29] used five- (n-butane/iso-pentane/2-methylhexane/n-

heptane/iso-octane) and six- (n-butane/iso-pentane/2-methylhexane/n-heptane/toluene/iso-

octane) component surrogates to simulate low-temperature ignition of FACE gasolines A 

and C, respectively. Sarathy et al. [30] used a TPRF surrogate and a multi component 

surrogate to adequately model the NTC and low temperature ignition delay trends of FACE 

F using a seven component (n-butane/2-methylbutane/2-methylhexane/Cyclopentane/1,2,4 

trimethylbenzene/1-Hexene/i-octane) surrogate and FACE G using a eight component     

(n-butane/2-methylbutane/2-methylhexane/Cyclopentane/1,2,4trimethylbenzene/1- 

Hexene/i-octane/Toluene) surrogate.  

Previous work has thus shown that ternary blends of toluene/n-heptane/iso-octane 
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(henceforth referred to as TPRF) can serve not only as adequate gasoline surrogate 

candidates on their own but may also be major constituents of the more complex multi-

component surrogates. This is because TPRF surrogates can emulate the aromatic, n-

paraffinic and iso-paraffinic content present in a real gasoline, where these three classes 

represent > 90% of the chemical content of commercially available distillate gasoline fuels. 

However, wide-ranging fundamental studies of TRPF ignition and chemical kinetic 

development are not available in the literature. The objective of the current work is to 

provide a large dataset of experimental ignition delay times of TPRF blends for use in the 

refinement and development of surrogate kinetic models.  

Here, ignition delay times of four TPRF mixtures (RON = 70, 80, 91 and 97.5; S = 

4, 5.7, 7.6 and 10.9) have been measured in a shock tube (ST) and in a rapid compression 

machine (RCM). These measurements were performed at pressures of 10 (RCM), 20 and 

40 bar (RCM and ST) in the temperature range 650 – 1250 K and at equivalence ratios of 

0.5 and 1.0. The TPRF mixtures were formulated to match the RON and sensitivity of two 

certified gasoline and two prospective naphtha-like fuels (see Figure 5-10). These data are 

the first of their kind and will form a highly valuable dataset for future gasoline surrogate 

mechanism development and validation. Furthermore, TPRF 91 and 97.5 data are 

compared against the ignition delay data of high octane certified gasolines.  

5.2 Methods 

5.2.1 TPRF Surrogate Formulation 

Several methodologies have been proposed in the literature to formulate TPRF 

surrogates for gasoline fuels [112-114]. Morgan et al. [113] developed a second-order 

volume-based model to derive TPRF surrogate composition corresponding to the RON and 
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MON of the target fuel. Kalghatgi et al. [112], on the other hand, proposed a second-order 

method on molar basis. Both works relied on engine octane data to optimize the 

correlations. Pera et al. [114] used octane ratings and the carbon, hydrogen and oxygen 

content of the target gasoline (ULG 95) to optimize the TPRF surrogate. However, they 

used linear by volume blending method which can potentially introduce errors in 

determining surrogates composition [113]. The TPRF surrogates studied in this work were 

formulated based on the correlations developed by Kalghatgi et al. [112]. These 

correlations calculate the TPRF surrogate composition required to emulate the RON and 

sensitivity the target fuel. The surrogates tested in this work were formulated over a wide 

range of octane numbers (RON: 70 – 97.5) with varying degrees of sensitivity (S: 4 – 11). 

The RON and MON values of the TPRF surrogates were experimentally measured at the 

Saudi Aramco Research and Development Center in their cooperative fuel research (CFR) 

engine following the ASTM D6733 (RON) and D6730 (MON) standards. These surrogates 

are listed in Table 5-1. It can be seen that the measured and estimated (from [112]) RON 

and MON values are in very good agreement with each other which further fortifies the 

use of the correlations developed by Kalghatgi et al. [112]. For brevity, the surrogate blends 

henceforth will be referred to as TPRF xx where xx represents the RON of the surrogate 

blend.  
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Table 5-1: TPRF surrogates investigated in this work. See Table A4 in Appendix for compositions 

in mole fractions.  

Surrogate iso-

octane1 

n-heptane1 Toluene1 RON 

estimated2 

RON 

measured3 

MON 

estimated2 

MON 

measured3 

Sensiti

vity4 

TPRF 70 42.48 36.23 21.29 70 70 66 66 4 

TPRF 80 39.85 28.58 31.57 80 80.4 74.3 75.3 5.7 

TPRF 91 36.58 19.31 44.1 91 92 83.4 84.3 7.6 

TPRF 97.5 11.52 18.04 70.44 97.5 98 86.6 87.1 10.9 

1 % volume 
2 RON and MON estimated using correlations developed by Klaghatgi et al. [112] 
3 RON and MON measured in a CFR engine using ASTM standards 
4 Sensitivity S = RON – MON (estimate) 

 

5.2.2 Experimental Details 

The experiments reported in this study were performed in the high-pressure shock 

tube (HPST) facility at King Abdullah University of Science and Technology (KAUST) 

and in a rapid compression machine (RCM) at the National University of Ireland, Galway 

(NUIG). For details shock tube and RCM ignition delay measurements, please refer 

to Chapter 2. 

5.3 Results and Discussion 

Ignition delay times of TPRF mixtures measured in the HPST and RCM are reported 

in this section. These data cover a wide range of temperatures (650 – 1250 K), pressures 

(10, 20 and 40 bar) and equivalence ratios (φ = 0.5 and 1.0). Experiments at 10 bar were 

only conducted in the RCM as the ignition delay times at low pressures are too long for the 

shock tube. Throughout this section, the scatter symbols represent the measured data (solid 

symbols: shock tube data, open symbols: RCM data) and the lines represent the model 

simulations (solid lines: shock tube simulations, dashed lines: RCM simulations). The 
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gasoline surrogate meachnism developed by Mehl et al. [79] (henceforth referred as ‘LLNL 

mech’) is used throughout this manuscript to simulate and interpret the measured data.  

 

5.3.1 Effect of Pressure  

The effect of pressure (10, 20 and 40 bar) on the ignition delay times of TPRF 70, 

80, 91 and 97.5 mixtures is shown in Figure 5-1 (a) – (d) for the stoichiometric (φ = 1) 

mixtures, and in Figure 5-2 (a) – (d) for the fuel-lean (φ = 0.5) cases. The figures show, as 

expected, that the fuel reactivity increases with increasing pressure at both equivalence 

ratios. The data show Arrhenius behavior at high (T > 900 K) and low (T < 725 K) 

temperatures, and exhibit varying degrees of negative temperature coefficient (NTC) 

behavior in a temperature range of around 750 – 850 K. The NTC behavior is particularly 

pronounced at low pressures (10 bar) and for low octane number (and low sensitivity) 

mixtures (TPRF 70 and 80). The TPRF 97.5 mixutre, Figure 5-1 (d) and Figure 5-2 (d), 

showed only marginal NTC behavior. This is due to the high concentration of toluene in 

the TPRF 97.5 mixture (~ 70% vol. toluene, see Table 5-1), with the low reactivity of 

toluene supressing the NTC behavior at all pressures.  

The shock tube simulations (solid lines) are in good agreement, both qualitatively 

and quantitatively, with the HPST data (solid symbols) for the wide range of varying octane 

number TPRF fuels, Figure 5-1 and Figure 5-2 (a) – (d), and adequately capture the 

pressure dependence of the HPST data. An exception to this trend is the over-prediction of 

the TPRF 97.5 mixture at φ = 1, Figure 5-1 (d). This is likely due to the very high content 

of toluene in this particular mixture and points towards the high-temperature toluene 

reactivity being too slow in the current model.  
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The RCM simulations (dashed lines) over-predict the experimental RCM data (open 

symbols) at low temperatures, particularly for high pressure (20 and 40 bar) and high 

octane fuels. This over-prediction can be seen clearly for the stoichiometric TPRF 91 and 

97.5 mixtures, Figure 5-1 and Figure 5-2 (c), (d). For instance, at 700 K, p = 40 bar and φ 

= 1, the mechanism over-predicts RCM ignition delay times of the TPRF 91 and 97.5 

mixtures by a factor of 2 and 3, respectively. Recently, Zhandong et al. [115] discovered 

the third O2 addition channels which are important in controlling the low temperature 

reactivity and are expected to resolve this discrepeancy in the current mechanisms. At 10 

bar, we observe opposite trend where the RCM simulations under-predict the ignition delay 

times in the NTC region and at lower temperatures. In general, the model predictions 

appear reasonable and perhaps require only minor adjustments at low temperatures for high 

toluene concentration TPRF fuels at stoichiometric and/or fuel-rich conditions (i.e. at high 

fuel concentrations). These adjustments may require separate optimization of the toluene 

sub-mechanism for an improved prediction of the TPRF blends. Toluene sub-chemistry is 

being seperately updated by the NUIG group currently.    
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Figure 5-1: Effect of pressure (10, 20, 40 bar), at φ = 1, on the ignition delay times of (a) TPRF 70, 

(b) TPRF 80, (c) TPRF 91, (d) TPRF 97.5. Scatter: solid symbols – HPST data, open symbols – RCM data. 

Lines: solid lines – shock tube simulations, dashed lines – RCM simulations. LLNL mech [79] is used for 

simulations. 
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Figure 5-2: Effect of pressure (10, 20, 40 bar), at φ = 0.5, on the ignition delay times of (a) TPRF 70, 

(b) TPRF 80, (c) TPRF 91, (d) TPRF 97.5. Scatter: solid symbols – HPST data, open symbols – RCM data. 

Lines: solid lines – shock tube simulations, dashed lines – RCM simulations. LLNL mech [79] is used for 

simulations. 

Altough general agreement between the ignition data from the HPST (KAUST) and 

RCM (NUIG) is good (Figure 5-1 and Figure 5-2), some discrpeancies between the two 

facilities were observed. These are evident at 20 bar in the temperature range of 850 – 1000 

K, particularly for the TPRF 91 and 97.5 mixtures at φ = 1, Figure 5-1 (c), (d), where there 

is approximately a factor of two difference between the HPST and RCM ignition delay 

times, with the HPST data being faster. The authors of this study internally debated various 
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causes and remedies of these discrepancies. For example, careful cross experimentation 

and validations were performed at the KAUST RCM and the NUIG shock tube (see 

Appendix Figure A7); these experiments revealed similar discrepancies. It is important to 

note here that this is not the first time such discrepancies are observed between shock tube 

and RCM data. Recently, Sarathy et al. [30] found similar discrepancies between the shock 

tubes (Rensselaer Polytechnic Institute, KAUST) and RCM (University of Connecticut) 

ignition delay times of FACE gasoline F and G at 20 bar and 800 – 1000 K. It can be 

hypothesized that the homogeneous core model used to simulate RCM data is not fully 

valid under such conditions. On the other hand, the relatively long ignition delay shock 

tube data could potentially be affected by localized flame initiation and propagation [116] 

resulting in shortened ignition delay times (see Appendix Figure A8). The discrepancies 

between shock tube and RCM data under specific conditions are being investigated in a 

larger collaborative framework and is beyond the scope of this work. Nonetheless, it is 

important to highlight systematic differences seen between commonly used fundamental 

experimental devices.  

5.3.2 Effect of Equivalence Ratio 

The effect of equivalence ratio (φ = 0.5 and 1.0) on the ignition delay times of TPRF 

70, 80, 91 and 97.5 mixtures is shown in Figure 5-3 – Figure 5-5 at 10, 20 and 40 bar, 

respectively. The figures show that, in general, the ignition delay times decrease with 

increasing equivalence ratio at all pressures and temperatures, i.e., fuel-lean mixtures are 

slower to ignite compared to stoichiometric ones. At higher temperatures (T > 1000 K), the 

HPST ignition delay data and the simulations show relatively weak dependence on 

equivalence ratio, with the stoichiometric mixtures being only marginally more reactive 
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compared to the fuel-lean ones at all three pressures. Moreover, this high-temperature 

equivalence ratio dependence is more pronounced for the high-toluene blend TPRF 97.5 at 

40 bar, Figure 5-5 (d). Similarly, the low-temperature (T < 725 K) RCM ignition delay data 

and simulations show a weak dependence on equivalence ratio, and again the TPRF 97.5 

mixture shows the largest variation with equivalence ratio at low temperatures. The 

dependence on equivalence ratio is most pronounced in the NTC region. Moreover, in this 

region, the φ-dependence correlates well with the inherent NTC nature of the fuel, i.e., 

TPRF 70 and 80, Figure 5-3 – Figure 5-5 (a), (b), have the most paraffinic content and, 

therefore, exhibit the largest dependence on equivalence ratio compared to the TPRF 97.5 

mixtures, Figure 5-3 – Figure 5-5 (d), which have the highest concentrations of toluene and 

so exhibit the least NTC behavior and the least dependence on equivalence ratio in the 

NTC region. 
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Figure 5-3: Effect of equivalence ratio (φ = 0.5 and 1.0), at 10 bar, on the ignition delay times of (a) 

TPRF 70, (b) TPRF 80, (c) TPRF 91, (d) TPRF 97.5. Scatter: open symbols – RCM data. Lines: dashed 

lines – RCM simulations. LLNL mech [79] is used for simulations. Ignition delay times were not measured 

in the shock tube for 10 bar. 
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Figure 5-4: Effect of equivalence ratio (φ = 0.5 and 1.0), at 20 bar, on the ignition delay times of (a) 

TPRF 70, (b) TPRF 80, (c) TPRF 91, (d) TPRF 97.5. Scatter: solid symbols – HPST data, open symbols – 

RCM data. Lines: solid lines – shock tube simulations, dashed lines – RCM simulations. LLNL mech [79] 

is used for simulations. 
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Figure 5-5: Effect of equivalence ratio (φ = 0.5 and 1.0), at 40 bar, on the ignition delay times of (a) 

TPRF 70, (b) TPRF 80, (c) TPRF 91, (d) TPRF 97.5. Scatter: solid symbols – HPST data, open symbols – 

RCM data. Lines: solid lines – shock tube simulations, dashed lines – RCM simulations. LLNL mech [79] 

is used for simulations. 

 

5.3.3 Effect of Octane Number 

The effect of octane number on ignition delay times of TPRF 70, 80, 91 and 97.5 

mixtures is shown in Figure 5-6 (for φ = 1) and Figure 5-7 (for φ = 0.5). The figures show 

that at high temperatures (T > 1000 K), the measured and simulated ignition delay times 
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of all of the fuels show very similar ignition delay times. At very low temperatures (T < 

700 K), the measured and simulated ignition delay times show a weak dependence on the 

research octane number (RON) of the fuel. At low temperatures, this octane dependence is 

more pronounced for the higher RON fuels i.e., there is on average a factor of 2 – 3 

difference between the ignition delay times of TPRF 97.5 (RON 97.5) and TPRF 91 (RON 

91) mixtures. This difference diminshes as we move to lower RON fuels, as can be seen 

by the negligible reactivity differences between TPRF 80 (RON 80) and TPRF 70 (RON 

70). Another way to consider this reactivity difference at low temperatures is by looking at 

the sensitivity of these fuels. The sensitivity of the studied fuels decreases from TPRF 97.5 

(S = 10.9) to TPRF 70 (S = 4). This indicates that large reactivity differences at low 

temperatures for TPRF 97.5 and TPRF 91 mixtures compared to TPRF 80 and TPRF 70 

mixtures are primarily driven by the non-paraffinic content (toluene) present in these fuels. 

Therefore, it can be argued that, at low temperatures, the octane dependence of TPRFs will 

only be significant for high sensitivity TPRF fuels, i.e., fuels composed of a large non-

parffinic content.  

The largest effect of octane number on the reactivity (ignition delay times) is 

observed in the NTC region (near 750 – 850 K). It can be seen clearly in Figure 5-6 (for φ 

= 1) and Figure 5-7 (for φ = 0.5) that the ignition delay times correlate very well with the 

octane number of these fuels, i.e., the fuel with the highest octane number (RON) has the 

longest ignition delay times and the reactivity increases (ignition delay time decreases) 

with a decrease in octane number (RON). Mehl et al. [82, 84] have shown that ignition 

delay times in the NTC region (at 825 K and 25 atm) correlate well with the RON of fuels. 

Sarathy et al. [43] and Badra et al. [117] also formulated methodologies to correlate NTC 
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region ignition delay times to RON and MON. The results from the current study also 

confirm that correlations between octane ratings (RON, MON, S) and ignition delay times 

for TPRF surrogates can be best formulated in the NTC region.  

 

 

Figure 5-6: Effect of RON (, at φ = 1, on the ignition delay times of  TPRF 97.5 (■), 

TPRF 91 (●), TPRF 80 (▲), TPRF 70 (▼) at (a) 10 bar, (b) 20 bar and (c) 40 bar. Scatter: solid symbols – 

HPST data, open symbols – RCM data. Lines: solid lines – shock tube simulations, dashed lines – RCM 

simulations. LLNL mech [79] is used for simulations. 
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Figure 5-7: Effect of RON (, at φ = 0.5, on the ignition delay times of  TPRF 97.5 

(■), TPRF 91 (●), TPRF 80 (▲), TPRF 70 (▼) at (a) 10 bar, (b) 20 bar and (c) 40 bar. Scatter: solid 

symbols – HPST data, open symbols – RCM data. Lines: solid lines – shock tube simulations, dashed lines 

– RCM simulations. LLNL mech [79] is used for simulations. 

 

5.4 Chemical Kinetic Analyses  

In the previous section (Section 5.3.3), several observations were made about the 

dependence of ignition delay times of the TPRFs on the octane number of the fuel. Firstly, 



  

108 

 

at high temperatures, very little effect of octane number on the ignition delay times was 

observed. Furthermore, at low temperatures, a weak octane number dependence was 

observed, and this dependence was pronounced for high-RON and high-sensitivity fuels 

(TPRF 97.5, TPRF 91) compared to low-RON and low-sensitivity fuels (TPRF 80, TPRF 

70). Finally, a strong dependence of octane number on the ignition delay times was 

observed in the NTC region. We will now explain these trends using chemical kinetic 

analyses.  

At high temperatures (T > 1000 K), ignition is primarily controlled by the thermal 

chain branching of H2O2 to produce two ȮH radicals via the reaction H2O2 (+M) ↔ ȮH + 

ȮH (+M), which is favored more or less equally for various fuels studied here. This results 

in very similar ignition delay times at high temperatures and hence an almost 

indistinguishable dependence of ignition delay times on octane number at high 

temperatures.  

At low temperatures (T < 700 K), degenerate chain branching to produce ȮH radicals 

primarily controls the ignition of typical paraffinic fuels [86]. Therefore, rate of production 

(ROP) analyses based on ȮH radicals are utilized here (Figure 5-8) to highlight key 

similarities and differences between the various fuels studied here. The ROP analyses are 

conducted at a time corresponding to two-thirds of the exponential growth of ȮH radical 

concentration in line with the guidelines provided by Merchant et al. [85]. It can be seen 

that H-abstraction from the fuel (n-heptane/iso-octane/toluene) is responsible for ȮH 

radical consumption (negative ROP) for all cases. However, these consumption channels 

are widely different as we go from high-RON, high-sensitivity fuels (TPRF 97.5, TPRF 

91) to low-RON, low-sensitivity fuels (TPRF 70, TPRF 80). Figure 5-8 (c) and (d) show 
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that H-abstraction by ȮH radicals from toluene to produce benzyl radical is the most 

important ȮH radical consumption channel for TPRF 97.5 and TPRF 91 mixtures; 

however, H-abstraction from secondary sites on n-heptane to produce n-heptyl radicals are 

the most important ȮH consumption pathways for the TPRF 80 and 70 mixtures 

(Figure 5-8 (a) and (b)). The subsequent pathways for these radicals (abstraction products) 

control the low-temperature ignition process. The benzyl radicals formed by H-atom 

abstraction are stabilized [25] at low temperatures rendering toluene or high toluene-

containing fuels (like TPRF 97.5 mixtures in this case) relatively un-reactive at lower 

temperatures. The subsequent ignition of high toluene concentration fuels, even at low 

temperatures, is controlled by H2O2 decomposition due to the temperature increase 

associated with the exothermicity of the oxidation of toluene to benzyl radical (and 

subsequently benzylaldehyde) and water [25]. On the other hand, the highly reactive n-

heptyl radicals formed by H-abstraction by ȮH radicals in the TPRF 80 and 70 mixtures 

follow the expected low-temperature degenerate chain branching pathways [86] to produce 

ȮH radicals (positive ROP). The n-heptyl radicals react with molecular oxygen to form 

alkylperoxy radicals, which then undergo a series of isomerization and oxygen addition 

reactions to form ketohydroperoxides (KHPs) and ȮH radicals. The decomposition of 

KHPs produces additional ȮH radicals, resulting in an exponential growth of ȮH radicals 

and ignition. It can be concluded from the ROP analyses that n-heptane primarily controls 

ȮH consumption for TPRFs with low sensitivity / low RON (TPRFs 70 and 80) and, 

therefore, relatively weak octane dependence is seen at low temperatures for these low 

sensitivity TPRFs. On the other hand, significant octane dependence observed for the high 

sensitivity / high RON TPRFs may be attributed to the toluene kinetics.  
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Figure 5-8: ROP analyses of ȮH radical at T = 700 K, p = 20 bar, φ = 1; (a) TPRF 70/air, (b) TPRF 

80/air, (c) TPRF 91/air, and (d) TPRF 97.5/air mixtures. LLNL mech [79] is used for ROP analyses. The 

ROP analyses are conducted at a time corresponding to two-thirds of the exponential growth of ȮH radical 

concentration. 

At intermediate temperatures (750 – 850 K), HȮ2 radicals are primarily produced 

through (RȮ2 ↔ alkene + HȮ2) or (R + O2 ↔ alkene + HȮ2) concerted elimination 

mechanisms [86].  Production of HȮ2 radicals, through either mechanism, renders the 

system unreactive and is the main cause of the NTC behavior. Once formed, HȮ2 radicals 

are mainly converted to H2O2 (RH + HȮ2 ↔ R + H2O2), and, therefore, the eventual chain 

branching of H2O2 to produce two ȮH radicals controls ignition in the NTC region. 

Figure 5-9 shows the HȮ2 ROP analyses for various TPRF fuels examined in this study. It 
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can be seen that HȮ2 radical production (positive ROP) is favored much more for the TPRF 

70 mixture compared to the other mixtures, and as such it correlates well with the RON 

and sensitivity of the TPRF fuels (smaller the RON and sensitivity, larger the HȮ2 radical 

production). This is why both experimental data and simulations in the previous section 

showed enhanced NTC behavior for TPRF 70 mixtures compared to the other ternary 

blends. It can also be seen in Figure 5-9 that the production of HȮ2 radicals is much lower 

for TPRF 97.5 mixture compared to other fuels, and this is the primary reason for the near 

negligible NTC behavior for TPRF 97.5. Moreover, the figure also shows that the 

consumption of HȮ2 radicals (negative ROP) to produce H2O2 and its further 

decomposition to two ȮH radicals (not shown here) are much more favored for TPRF 70 

mixtures compared to others. This is the primary reason for the increased reactivity (shorter 

ignition delay times) of TPRF 70 mixtures compared to other fuels in the NTC region.   

 

Figure 5-9: ROP analysis of HȮ2 radical at T = 825 K, p = 20 bar, φ = 1 for TPRF 97.5/air (magenta 

bars), TPRF 91/air (blue bars), TPRF 80/air (red bars), and TPRF 70/air (black bars) mixtures. LLNL mech 

[79] is used for ROP analysis. The ROP analyses are conducted at the time corresponding to two-thirds of 

the exponential growth of HȮ2 radical concentration. 
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5.5 Comparisons with certified high octane gasolines 

The TPRF surrogates, especially TPRF 91 and 97.5, were purposely put together to 

match the octane requirements of certified high octane gasolines. It can be seen from 

Figure 5-10 that the TPRF surrogates presented here can be used to study a wide range of 

certified gasolines with RON ranging from 70 – 97.5. More specifically, it can be seen 

from Figure 5-10 and Table 5-2 that the TPRF 91 and 97.5 surrogates matches the octane 

requirements of Haltermann and Coryton gasolines. It is also worth noting that both 

Haltermann and Coryton gasolines have some ethanol content present in them which is 

non-existent in TPRF surrogates by definition. Also, the octane ratings of non-oxygenate 

FACE gasolines F and G are in close proximity of TPRF 91 and 97.5 surrogates. Hence, a 

comparison of ignition delay times of these gasolines with the TPRF surrogates will be 

presented here. The ignition delay, octane ratings and compositions data presented in 

Figure 5-11 and Table 5-2 are taken from literature, for FACE F and G from [30] and that 

for Haltermann and Coryton gasolines from [118]. Low and NTC temperature regions, at 

20 and 40 bar and stoichiometric conditions, are chosen for this comparison for 

consistency. The TPRF 91 and 97.5 (current work) data and Haltermann and Coryton data 

[118] are from NUIG RCM (which is quite similar in design and operation to KAUST 

RCM), and the FACE F and G data [30] are from UCONN RCM.  
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Figure 5-10: Comparison of RON and Sensitivity of TPRFs and commercial gasolines 

 

Table 5-2: Comparison of TPRF surrogates with certified gasolines. Hydrocarbon classes are 

presented as mol %.  

Fuel RON MON S 

n- 

Paraffins 

i- 

Paraffins Aromatics Ethanol 

Haltermann 91 83.4 7.6 12.2 26.1 22.9 16.8 

FACE F 94.4 88.8 5.6 4.8 61 8.4 - 

TPRF 91 91 83.4 7.6 17 29 54 - 

         

Coryton 97.5 86.6 10.9 10.1 31.9 33.6 8.2 

FACE G 96.8 85.8 11 7.9 38.3 31.8 - 

TPRF 97.5 97.5 86.6 10.9 14.5 8 77.5 - 

 

 Figure 5-11 compares the ignition delay times of TPRF 91 and 97.5 with Haltermann 

and Coryton gasolines and with FACE gasoline F and G. Several interesting observations 

can be made from the figure. Firstly it can be seen that the ignition delay times of 

Haltermann and FACE F gasolines (RON 91 and 94.4 respectively) are replicated 

satisfactorily by TPRF 91 (RON 91). Next it can be seen that the ignition delay times of 

Coryton gasoline (RON 97.5) are matched well by those of TPRF 97.5 (RON 97.5) at high 
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temperatures and in the NTC region (especially at 20 bar Figure 5-11 (a)); flattening out of 

the NTC region due to high sensitivity (S = 10.9) of Coryton gasoline is particularly well 

emulated by TPRF 97.5. However, at low temperatures, TPRF 97.5 overpredicts the 

ignition delay times of Coryton gasoline. Ignition delay times of FACE G, in general, are 

overpredicted by TPRF 97.5 surrogate and are closely captured by TPRF 91 surrogate.  

 

 

Figure 5-11: Comparison of ignition delay times of TPRF 91 and 97.5 with FACE F and G and 

Coryton and Haltermann gasolines at stoichiometric conditions and at (a) 20 bar and (b) 40 bar. Data for 

FACE F and G is taken from [30] and for Haltermann and Coryton gasolines from [118].   

In this chapter, we have presented a wealth of ignition delay data for TPRF surrogates 

which can be used to model the reactivity of a wide range of commercial gasolines with 

modestly high sensitivities. It is shown that the TPRF fuels show a negligible octane 

dependence at high temperatures, a weak octane dependence at low temperatures and a 

strong octane dependence in the NTC region. At low temperatures, the octane dependence 

is more pronounced for the high-RON, high-sensitivity fuels and is attributed to the non-

paraffinic (toluene) content. It is also shown that the TPRF surrogates can effectively match 
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the ignition requirements of modestly high sensitivity gasolines (Haltermann and FACE F 

with Sensitivities of 7.6 and 5.6 respectively). Although the TPRF surrogate captures many 

trends present in the ignition delay data of high sensitivity gasolines (Coryton and FACE 

G with Sensitivities of 10.9 and 11 respectively), the TPRF surrogate overpredicts the 

ignition requirements of highly sensitive (S  11) gasolines in homogeneous shock tube/ 

RCM environments.   
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Chapter 6: SHOCK TUBE IGNITION DELAY DATA 

AFFECTED BY LOCALIZED IGNITION PHENOMENA 

In this chapter, non-idealities associated with low temperature long ignition delay 

times shock tube ignition data are presented. Specifically, pre-ignition of localized kernels 

in homogeneous shock tube core and associated flame propagation and bulk ignition 

advance are discussed in great details. Current study is first of its kind in specifying the 

ignition regimes in shock tube ignition research. The current work should pave way for 

more careful shock tube experimentation to avoid any non-idealities artificially expediting 

ignition kinetics in shock tube ignition measurements. Pre-ignition and its transition to 

“super-knock” is a very relevant research topic in engines research community; if properly 

developed, shock tube pre-ignition and associated bulk ignition advance can also help 

engines research community understand and control super-knock.  

6.1 Introduction 

Shock tubes are widely used for chemical kinetic measurements and detailed reaction 

mechanism development [119]. The incident and reflected shock waves instantaneously 

heat and compress the test gas, thereby decoupling the complex chemical kinetic 

phenomena from fluid dynamics and heat transfer and achieving near-uniform well-defined 

pressure and temperature conditions. As such, shock tube data are often reliably modeled 

with zero-dimensional homogeneous reactors and are considered ideal experimental 

devices for studying high-temperature combustion chemistry.  

Advanced internal combustion (IC) engines, towards higher efficiencies and lower 

emissions, primarily operate at relatively low temperatures in compression-ignition modes. 
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In these engine concepts, fuel chemistry plays a critical role in controlling the onset of 

auto-ignition. Therefore, there is an increasing interest in understanding ignition and 

subsequent heat release characteristics at low and intermediate temperatures. Chemical 

kinetic studies at such conditions require long test times due to the exponential scaling of 

ignition delays with temperature. Conventionally, shock tubes achieved test times of about 

O(1 ms) and were thus focused mainly on high-temperature ignition studies. As such, rapid 

compression machines (RCMs) have been frequently used at low temperature ignition 

conditions due their ability to provide longer test times up to, say, 100 ms, with their own 

inherent limitations. Recently, there have been efforts in extending available test times in 

shock tubes to overlap with RCM operating temperature range. One way to increase shock 

tube test times without altering the geometry is to tailor the driver gas, typically helium, 

with a heavier gas, such as nitrogen and carbon dioxide [44, 45]. 

When shock tubes are used to perform long test time experiments, some non-

idealities can affect the measurements. An example is the gradual pressure increase behind 

the reflected shock wave, referred to as dP5/dt. This pressure increase is accompanied with 

a simultaneous temperature increase and can thus expedite the homogeneous ignition 

event. These pressure and temperature changes can become significant for long test time 

ignition experiments. These effects can be accounted for by modeling the shock tube as a 

variable volume reactor. Heat transfer to the shock tube walls can be a concern at relatively 

long experimental times. However, Frazier et al. [120] showed that heat transfer effects 

can be ignored for large diameter shock tubes.  

More recently, another non-ideality that has been reported as potentially important 

in affecting the ignition characteristics for low temperature shock tube measurements is 
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localized pre-ignition events. Hanson et al. [121] observed remote ignition for hydrogen-

oxygen reactive mixtures and proposed the use of constrained-reaction-volume (CRV) 

strategy to eliminate remote ignition. Zhu et al. [122] applied the CRV strategy during the 

oxidation of 1-butanol to minimize pre-ignition energy release. Campbell et al. [123] 

measured ignition delay times of n-heptane/Ar mixtures over 651 – 823 K and pressures 

near 6 – 7 am using both conventional and CRV filling strategies. However, they only 

found minor differences between the two strategies. As for more convincing evidence of 

pre-ignition, Uygun et al. [116] observed pre-ignition pressure rises while measuring 

ignition delay times of 2-methylfuran and tetrahydrofuran. Using schlieren imaging, they 

further showed that the main ignition event was preceded by deflagrative flame kernels 

which, in some cases, initiated close to the shock tube end-wall.  

Pre-ignition energy release in homogeneous ignition events have also been observed 

in RCMs. Mansfield et al. [124] reported the presence of localized ignition events through 

high-speed imaging, during syngas oxidation in their rapid compression facility. The 

phenomenon was named “weak-ignition” which was found to yield a significant 

advancement in ignition at low temperatures. Wang et al. [125] also investigated the pre-

ignition leading to super-knock event in an RCM. They utilized an optical RCM to image 

the sequence of events starting from random pre-ignition spots to deflagration and 

eventually to detonation. Theoretical attempts were made by Im et al. [126, 127] and 

Grogan et al. [128]  to formulate a regime diagram to predict ignition characteristics in 

terms of key non-dimensional parameters. 

Recent studies [129-132] on autoignited lifted flames showed some discrepancies 

between the autoignited lifted flame heights and the calculated ignition delay times. 



  

119 

 

Experiments were conducted by ejecting fuel jet into high temperature air. For gaseous 

fuels [129, 130], the autoignited liftoff height correlated well with the square of calculated 

ignition delay times, in agreement with a theoretical derivation [129]. For pre-vaporized n-

heptane and iso-octane fuels [131, 132], at atmospheric pressure and temperature range of 

900  1000 K, the autoignted liftoff flame heights did not correlate successfully with the 

square of calculated ignition delays. These results pointed to either very slow reactivity in 

the n-heptane / iso-octane kinetic models or to some systematic shortening of ignition 

delays in the experiments. 

Pre-ignition is also a highly relevant subject in internal combustion engine 

applications. Modern downsized and boosted engines have encountered premature auto-

ignition, or much stronger and detrimental super-knock events [133, 134]. As such, 

fundamental understanding of pre-ignition phenomena has broader impact in a wide range 

of practical engineering applications.  

The main hypothesis of the present study is that the discrepancies between the 

chemical kinetic mechanism predictions and the measured ignition delay times observed 

in the current low temperature/pressure shock tube experiments are attributed to the pre-

ignition of nearly homogeneous reactant mixture under specific conditions, in analogy with 

the findings from the earlier shock tube and RCM studies [116, 124-128]. As a systematic 

validation process, experimental measurements of the ignition delay times for n-heptane 

and n-hexane mixtures over a wide range of temperatures and at low pressure conditions 

are presented. Next, it is shown that attempts to predict the observed ignition characteristics 

by considering various non-idealities (such as uncertainties in chemical kinetic rates and 

the bulk pressure rise effects) are not sufficient to reconcile the discrepancies. 
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Subsequently, simple computational fluid dynamic (CFD) simulations of model problems 

with post-shock conditions containing a hot spot, without simulating full shock boundary 

layer interaction and shock propagation, are presented. The effects of the pre-ignition on 

the overall ignition characteristics are discussed in detail.  

 

6.2 Experimental Details 

In this work, ignition delay times ranging from 200 s to 32 ms are measured for n-

heptane and n-hexane mixtures over 650 – 1250 K and pressures near 1.5 atm. A wide 

range of mixture compositions were investigated for n-heptane; these include 2% n-heptane 

/ 44% O2 / Ar (Φ = 0.5), 2% n-heptane / 22% O2 / Ar (Φ = 1) and 1% n-heptane / 11% O2 / 

Ar (Φ = 1). Experiments for n-hexane were carried out using 5% n-hexane / 47.5% O2 / Ar 

(Φ = 1). All experiments were carried out in low pressure shock tube (LPST) facility at 

KAUST. For details regarding shock tube ignition measurements, please refer to Chapter 

2. 

6.3 Ignition Delay Times of n-Heptane and n-Hexane 

Ignition delay times for n-heptane and n-hexane were measured over a temperature 

range of 650 – 1250 K and pressures near 1.5 atm. Figure 6-1 shows the results for 2% n-

heptane / 44% O2 / Ar (Φ = 0.5) and 5% n-hexane / 47.5% O2 / Ar (Φ = 1) mixtures. 

Measured ignition delay times span from about 200 µs to 32 ms. Several observations can 

be made for the ignition delay results shown in Figure 6-1. Due to the higher fuel 

concentration of the n-hexane mixture, its ignition delay times are generally shorter than 

those of n-heptane in the fuel-dependent low-temperature chemistry region. The ignition 

delay times show expected Arrhenius behavior in the high (1050 – 1250 K) and low (650 
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– 750 K) temperature regimes. However, the negative temperature coefficient (NTC) 

behavior is hardly observed in the temperature range of 750 – 900 K. This contrasts the 

trends found in experiments and kinetic mechanisms reported in the literature [107, 135] 

which show strong NTC behavior for n-heptane.  

The Chemkin-Pro package was utilized to simulate ignition delay times with constant 

internal energy and volume (constant UV) constraints. The chemical kinetic mechanism 

developed by Mehl et al. [79] was employed. Figure 6-1 shows that the model predictions 

and experimental data are in good agreement at high-temperatures (1050 – 1250 K), 

reasonable agreement can also be observed at low-temperatures (650 – 750 K). However, 

significant discrepancies between the model predictions and measurements are found in 

the intermediate-temperature range (750 – 1000 K), with the largest difference being more 

than an order of magnitude near 850 – 900 K. These are unexpected results as n-heptane 

and n-hexane kinetic models are believed to be extensively validated for ignition 

predictions across the entire temperature range, albeit at higher pressures. It was confirmed 

that the data reported in Figure 6-1 are repeatable and cannot be attributed to some random 

uncertainties in the measurements or the experimental set-up.  

Since the large discrepancies are seen at lower temperatures (850 – 900 K), where 

fuel-specific reactions and RO2 chemistry plays a critical role, additional ignition delay 

experiments were carried out with varying concentration of fuel and oxygen. The 

investigated mixtures include 2% n-heptane / 22% O2 / Ar (Φ = 1) and 1% n-heptane / 11% 

O2 / Ar (Φ = 1). Measured ignition delay times for these mixtures are plotted in Figure 6-2 

along with the n-heptane data from Figure 6-1. As expected, the ignition delay times 

increases with decreasing oxygen (44% to 22%) or n-heptane (2% to 1%) concentration. 
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Corresponding ignition delay time predictions using Mehl et al. [79] kinetic mechanism 

show similar trends. However, all experimental data exhibit large deviations from the 

simulated ignition delay times in the temperature range of 750 – 1000 K.  

 

Figure 6-1: Comparison of measured ignition delay data (symbols) with predictions using the Mehl 

et al. [79] mechanism. Solid lines: constant volume simulations. Dashed lines: simulations with 3% dP5/dt 

correction. Mixtures: 2% n-heptane / 44% O2 /Ar (Φ = 0.5) and 5% n-hexane / 44% O2 / Ar (Φ = 1) 
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Figure 6-2: Ignition delay results for various n-heptane mixture compositions. Experimental:  2 % 

n-heptane/44 % O2/Ar (Φ =0.5), 2 % n-heptane/22 % O2/Ar (Φ =1), 1 % n-heptane/11 % O2/Ar (Φ 

=1). Lines: Constant UV simulations with Mehl et al. [79] mechanism. 

The pressure behind the reflected shock wave gradually increases due to the 

interaction of the reflected shock wave with boundary layers [41]. This pressure increase, 

and accompanied temperature increase, can be neglected for high-temperature ignition 

experiments where ignition delay times are generally less than 2 – 3 ms. However, such 

pressure/temperature changes become significant when measuring relatively long ignition 

delay times. This effect is referred to as dP5/dt and is facility-dependent with reported 

values in literature ranging 1 – 10 %/ms. Generally, shock tubes with smaller diameters 

have larger dP5/dt. To account for this effect, the measured pressure variation over time is 

converted to volume variation using the isentropic relation and is included in the Chemkin-

Pro simulations [39, 42, 43]. For the experiments reported here, dP5/dt was found to vary 

between 1.5 to 3 %/ms. Assuming the worst case scenario, 3 %/ms dP5/dt was imposed in 

the simulations, shown as the dashed lines in Figure 6-1. It is evident that, even with the 

pressure correction, the model calculations still substantially overpredict the measured 
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ignition delay times in the temperature range of 750 – 1000 K.  

Since its inception in 2013, the low-pressure shock tube (LPST) facility at KAUST 

has been extensively validated, and the shock tube technique has been perfected in high-

purity reaction rate determinations [136], species time-history measurements [137] and in 

ignition delay measurements [29, 43, 137], to say a few. As a further validation, additional 

ignition delay data for stoichiometric n-heptane/air mixtures at relatively high pressure of 

~ 12 bar are presented. It can be seen from Figure 6-3 (a) show that the present 12 bar data 

are in excellent agreement with the recent 12 bar shock tube study of Sheen et al. [138]; 

reasonable agreement is also seen with the classic studies of Ciezki et al. [104] at 13.5 bar 

and Gauthier et al. [23] 20 bar shock tube data sets. The RCM data of Silke et al. [101] at 

10 atm are also in reasonable agreement with the current validation study as well as with 

the literature shock tube studies. Note that the data from [23, 101, 104, 138] are normalized 

to 12 bar for easy comparisons with the present data. This analysis serves as further 

validation of the KAUST LPST facility and the shock tube ignition delay technique 

employed. Furthermore, the solid line in Figure 6-3 (a) represents the constant UV model 

predictions using Mehl et al. [79] mechanism. It can be seen that at these conditions, the 

mechanism captures the ignition delay data from various laboratories quite well.  

Figure 6-3 (b) shows 4 bar rapid compression machine data from Minetti et al. [105], 

12 bar normalized data of Figure 6-3 (a), and three additional data sets [23, 104, 138] 

normalized to 50 bar. It is observed that the mechanism adequately captures the ignition 

delay times of stoichiometric n-heptane/air mixtures over a wide range of pressures. 
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Figure 6-3: Ignition delay validation using stoichiometric n-heptane mixtures: (a) KAUST 12 bar 

(present study), Sheen et al. [138] 12 atm, Ciezki et al. [104] 13.5 bar, Silke et al. [101] 10 atm, and 

Gauthier et al. [23] 20 atm data normalized to 12 bar. (b) In addition to data plotted in (a), Minetti et al. 

[105] 4 atm, Shen at al. [138] 50 atm, Ciezki et al. [104] 41 atm, and Gauthier et al. [23] 55 atm data are 

plotted. Lines in (a) and (b) represent constant UV simulations at 4 (red line), 12 (black line) and 50 (blue 

line) bar using Mehl et al. [79] mechanism.  

 

6.4 Chemical Kinetic Mechanisms of n-Alkanes 

The observed discrepancies between experiments and simulations may suggest 

deficiencies in the chemical kinetic model employed in the present study at relatively low 

pressures (P ~ 1 – 2 bar).  

To assess the possible uncertainties in the kinetic models, three additional reaction 

mechanisms were considered for comparison: the San Diego mechanism (University of 

California San Diego Mechanisms), Lawrence Livermore detailed n-heptane mechanism 

(LLNL NC7 detailed mech) [106], and reduced n-heptane mechanism from the Milano 

group (Ranzi NC7 reduced) [139]. Figure 6-4 shows the comparisons of the ignition delay 
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times using the four different mechanisms. While there are differences in the predictions, 

none of the established reaction mechanisms were able to improve the agreement with the 

experimental data in a significant way. It must also be noted that these mechanisms have 

also been validated with low-temperature oxidation experiments in jet-stirred reactors 

(JSR) and computational kinetic rate theory. Therefore, it is concluded that the ignition 

characteristics observed in the present experiment cannot be solely attributed to chemical 

kinetic models. 

 

Figure 6-4: Ignition delay simulations using various mechanisms for 2 % n-heptane/44 % O2/Ar (Φ 

= 0.5). 

 The present experimental results are surprising in that no NTC behavior is 

observed, while previous studies reported that n-heptane displays strong NTC 

characteristics at lower pressures [106]. To investigate the effects of pressure on NTC 

behavior, Dagaut et al. [140] studied the oxidation of n-heptane/air mixtures in a JSR at 

pressure from 1 to 40 atm. By measuring the temperature-dependent concentration profiles 

for n-heptane, heptene isomers, and C7 cyclic ether, it was shown that the NTC regime is 
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more prominent at low pressures. The attenuation in the NTC behavior with increasing 

pressure is attributed to the pressure-dependence of H2O2 decomposition to two OH 

radicals, which becomes faster at higher pressures and shifts the high-temperature 

oxidation regime to lower temperatures.  Furthermore, at any given temperature, the 

stability of RO2 radicals produced via R + O2 is thermodynamically favored as pressure 

increases (Le Chatelier’s principle); thus the subsequent production of QOOH radicals and 

low temperature reactivity intermediates (e.g., cyclic ethers, ketohydroperoxides) is shifted 

towards higher temperatures as pressure increases. Computational studies by Villano et al. 

[141, 142] with pressure-dependent and temperature-dependent rate constants from high-

level theoretical calculations confirm that RO2 radicals are produced in higher 

concentrations as pressure increases. They attributed the increasing rate of production of 

RO2 radicals to both favorable thermodynamic and kinetic conditions at higher pressures. 

Therefore, the fact that the present experimental results hardly exhibit the NTC behavior 

further suggests that the main cause of the observed discrepancies is not due to chemical 

kinetics. 

6.5 Pre-Ignition Heat Release  

In the present work, four different types of pressure traces (energy release patterns) 

were observed. Pressure-time histories for n-heptane ignition are presented in Figure 6-5 

a-c. Similar pressure traces were observed for n-hexane oxidation experiments and a 

representative n-hexane pressure trace at the lowest temperature of this study (635K) is 

shown in Figure 6-5 d.  

First, at high temperatures (1100  1250 K), an exponential pressure rise (strong 

ignition) occurs due to the main homogeneous ignition event (Figure 6-5 a).  
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Next, at lower temperatures (850-1050 K), a gradual energy release/pressure increase 

is observed, which persists for about 1-2 ms, followed by the main energy release indicated 

by exponential rise in pressure signal (Figure 6-5 b). Such gradual energy release observed 

in Figure 6-5 b is consistent with the results by Uygun et al. [116], and is attributed to pre-

ignition hot spots close to the shock tube end-wall. It is conjectured that the pre-ignition 

initiates subsequent flame/ignition front propagation, resulting in earlier pressure rise and 

ultimately a reduction in the overall ignition delay time. This phenomenon is particularly 

evident in 850 – 1000 K range where the discrepancies between the model and 

experimental data are largest.  

At further lower temperatures (700  850 K), two-stage ignition (Figure 6-5 c) is 

observed as expected for n-heptane and n-hexane in this temperature range. It is seen that 

gradual pre-ignition energy release is followed by first stage energy release before the main 

ignition event. The second stage (main) energy release is very close to the first stage energy 

release. Therefore, it appears that the pre-ignition primarily affects in advancing the first 

stage ignition event in this specific case.  

Finally, at the lowest temperatures in this study, again near-homogeneous energy 

release is observed (Figure 6-5 d). At these conditions, pre-ignition effects appeared to be 

weak. The effect is hardly noticeable and the overall ignition behavior appears to be typical 

of homogeneous auto-ignition. 

Based on the experimental findings presented so far, it is postulated that a pre-

ignition and subsequent front development can drastically advance the homogeneous 

(strong) ignition delay times. Since the bulk ignition advance is observed before the onset 

of NTC region, a localized hot-spot may be the cause of pre-ignition inside the reactive 
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volume, either in the interior part of the mixture or near the shock tube end-wall. It has 

been suggested that such hot spots may be caused by shock non-uniformities [143], 

interaction of reflected shock wave with contact surface and boundary layer or due to some 

dust or catalytic particles [144]. The occurrence of such non-ideal events was found to 

depend on the experimental conditions and specific reactive mixtures. The exact cause of 

these hot spots and localized flame kernels is an open question that needs to be explored in 

future studies. These non-idealities may have also arisen from weak reflected shock 

bifurcation (see section 2.1.3) effects. It should be pointed out that the reduced ignition 

delay times observed in the present work were found to be highly repeatable. The 

experimental lesson from the current work is that the shock tube measurements must be 

performed with caution especially when measuring long ignition delay times as the system, 

at these conditions, could be more likely to encounter hot spots and pre-ignition energy 

release. Another point to consider is that in the NTC region, a cold spot can also result in 

shorter ignition delay times [145]. 
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Figure 6-5: Various types of pressure profiles (energy release patterns) observed during shock tube 

ignition delay measurements: (a) strong ignition (b) pre-ignition energy release (c) combination of pre-

ignition and two-stage behavior, and (d) near-homogeneous energy release. (a–c) are for 2% n-heptane/ 

44% O2/ Ar and (d) is for 5% n-hexane / 47.5% O2/ Ar. 

 

6.6 CFD Simulations of Pre-Ignition  

6.6.1 Numerical Setup 

In the preceding section, we have postulated that pre-ignition energy release and 

subsequent front development could drastically advance the homogeneous (strong) ignition 

delay times. To validate the hypothesis, simple CFD simulations were conducted for a 
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model configuration that represents pre-ignition induced by a hot spot within a closed 

volume. It must be noted here that the purpose of these CFD simulations is not to assess 

detailed shock propagation and shock / boundary layer interactions. Rather a commercial 

CFD package was used as a way to quickly simulate the phenomena of interest and to 

assess if the order of the experimentally observed ignition advancement may be replicated 

by simple hot-spot simulations. Thus the modeled problem is initiated at a time where 

reflected shock has already passed through the test section and thermodynamic conditions 

behind the reflected shock wave (T5, P5) have been established.  

CONVERGE software [146] was used as a simulation tool which can adequately 

capture the fluid dynamic and combustion behavior in a large domain size with a 

reasonable computational efficiency. RANS-based turbulent models were used throughout 

the simulations, and the SAGE detailed chemistry solver [147] along with multizone 

approach as a combustion sub-model was used. This approach maps the entire 

computational cells into a smaller number of bins in the temperature and equivalence ratio 

space to compute the reaction source terms. Here, a temperature bin size of 5 K and an 

equivalence ratio bin size of 0.05 were utilized. A reduced reaction mechanism for the 

primary reference fuel (PRF) developed by Andrae et al. [148] was used.  

To represent the shock tube test section near the end wall, the computational 

configuration was set up as a cylinder of 5 cm in length and 2 cm in diameter for the results 

presented in the following sections. One of the primary advantages in using CONVERGE 

was its efficient grid management capabilities. Grid generation is done during run-time by 

utilizing both fixed embedding of cells and adaptive mesh refinement (AMR) based on key 

criteria. A 4 mm base mesh size was chosen, which was found to be sufficient to resolve 
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the nearly uniform mixture fields. When a pre-ignition energy source was imposed in the 

middle of the domain, a spherical fixed embedding of 4 levels and a diameter of 2 mm was 

implemented around the ignition source. This results in a minimum cell size of 0.25 mm 

within the sphere of interest. Furthermore, adaptive mesh refinement of 4 levels (0.25 mm 

minimum cell size) was utilized based on temperature gradient of 2.5 K, which allowed 

adaptive grid generation following the flame propagation. A snapshot of the grid in the 

domain is shown in Figure 6-6. Fully implicit time integration was employed with 

minimum and maximum time steps of 10 ns and 1 𝜇s, respectively.  

 

Figure 6-6: Two-dimensional (2D) cut-plane of the numerical domain showing the grid refinement 

in the area of interest.  

A typical three-dimensional (3D) simulation of the given domain size took 12 CPU 

hours to solve for 10 ms on a 20-core workstation. While the domain size is smaller than 

the actual dimension of the shock tube test section, the choice was based on the 

computational consideration. To ensure that the results are not affected by the domain size, 

additional simulations using a 2D domain of 50 cm  14 cm and 1 m  14 cm were also 

conducted for the identical parametric conditions for several representative 2D cases. It 

was confirmed that the results, in terms of the ignition delay times and front propagation 

characteristics, remain reasonably similar.  

Several parametric studies were conducted to ascertain the ignition sensitivity on the 
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magnitude, size and timing of the pre-ignition energy source. It is worth mentioning here 

that the purpose of this study is not to find the exact nature of pre-ignition energy source, 

but to demonstrate that a pre-ignition source can qualitatively results in comparable 

ignition advance as experimentally observed in this study. The aim of these CFD 

simulations is not to capture the full shock wave dynamics, shock wave boundary layer 

interaction and other non-idealities within the shock tube, but is to show the effect of pre-

ignition energy release on homogeneous ignition delay times.  

6.6.2 CFD Modeling Results 

Figure 6-7 shows the comparison of the ignition delay times measured by the shock 

tube experiments and predicted by the CONVERGE simulations, for the conditions shown 

in Figure 6-4. To ensure that CONVERGE predicts consistent chemical kinetics behavior, 

the homogeneous ignition delay time calculations for the constant UV conditions were also 

reproduced by CONVERGE and the results were overlaid with the CHEMKIN-Pro data. 

For both simulations, the reduced chemistry model of Andrae et al. [148] is used. While 

the 3D pre-ignition simulations with the 5 cm domain size were considered the final results, 

results from additional 2D simulations at different domain lengths are also shown in order 

to ensure that the results are not sensitive to the domain size.  

Figure 6-7 further shows a remarkable agreement between the CONVERGE pre-

ignition results (dashed and dotted lines), with the pre-ignition energy set at 25 mJ and 

active during 2  6 ms and the experimental measurements throughout the entire 

temperature range. Note that in the high temperature range of (T > 1050 K) and in the low 

temperature range (T < 700 K), the hot-spot does not have a significant effect on ignition 

delay times compared to constant volume cases, while there is appreciable difference in 
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the temperature range of 750  1000 K. These respective behaviors will be elaborated later. 

The overall result clearly substantiate our hypothesis in that the pre-ignition event does 

advance the overall ignition delay times appreciably in the temperature range of 750  1000 

K at the level nearly identical to the experimental observations. It can be seen that 2D 

ignition advance is slightly less than that of 3D, however the ignition advance in 2D is 

again fairly identical to experimental observations, and these minor differences does not 

alter the conclusions drawn in further discussion.  

 

 

Figure 6-7: Comparison of the ignition delay times from experimental measurements (solid squares), 

constant-UV calculations using CHEMKIN (solid blue line), CONVERGE-UV calculations (solid black 

line), and CONVERGE pre-ignition simulations with 2D 50 cm domain length (dashed lines), 2D 1m 

domain length (open triangles) and 3D 5 cm domain length (dotted lines). The pre-ignition source is active 

from 2 – 6 ms with 25 mJ total energy. Reactive mixture is 2% n-heptane / 44% O2 / Ar, and pressure at 1.5 

atm. 

The sensitivity on the magnitude of pre-ignition energy source is assessed by 

performing simulations for a range of energy source magnitudes (0.1 to 75 mJ). The result 
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in Figure 6-8 shows that for small values (< 5 mJ), the ignition delay predictions are close 

to the homogeneous simulations (dashed line) for T < 900 K. For higher energy source 

magnitudes (over 15 mJ), the ignition delay advancement reaches near asymptotic 

behavior. Therefore, a pre-ignition energy source of 25 mJ was selected to adequately 

represent the energy source in the remainder of this study. This value reproduces the 

ignition advance seen experimentally and is also close to the minimum ignition energy 

requirement [149, 150] for typical hydrocarbon fuels to ignite and sustain combustion. The 

25 mJ energy source value also results in comparable local temperature gradients as those 

reported in [145, 151].  

 

Figure 6-8: Parametric study on the magnitude of pre-ignition energy source. Reactive mixture is 

2% n-heptane / 44% O2 / Ar, and pressure at 1.5 atm. 

As a further confirmation that the results are not affected by the initial time and 

duration of the ignition source, additional parametric tests were carried out with the 3D 5 

cm domain size case. The diameter, location, start time, and duration of the energy source 

were varied. The details of the tested energy sources are listed in Table 6-1, and the results 

are shown in Figure 6-9. As in the other tests discussed above, the variations in the ignition 
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source location, timing and duration within the extent shown in Table 6-1 yielded minimal 

differences in the total ignition delay time predictions. A pre-ignition energy source active 

from 2-6 ms is used in subsequent simulations reported in this study.  

 

Table 6-1: Details of the various pre-ignition energy sources used in the CFD simulations. 

Diameter 

(mm) 

Location in 

domain 

Time duration 

of the energy 

source (ms) 

2 mm Left, Right and 

Center 

1-3, 1-4, 2-4 and 

2-6 

1 mm Left, Right and 

Center 

1-3, 1-4, 2-4 and 

2-6 

0.5 mm Left, Right and 

Center 

1-3, 1-4, 2-4 and 

2-6 

 

 



  

137 

 

 

Figure 6-9: Parametric study on the pre-ignition source (a) source diameter 0.5 mm (b) source 

diameter 1 mm (c) source diameter 2 mm, and (d) comparison of various energy source diameters for 2  6 

ms duration. For each source size, source initiation and duration times are parameterized. Square symbols 

represent measurements. Reactive mixture is 2% n-heptane / 44% O2 / Ar. Pressure ~ 1.5 atm. 

6.6.3 Ignition Regimes 

To further investigate the detailed characteristics of pre-ignition affecting the overall 

ignition of the mixture, the ignition delay curve is divided based on three different 

temperature ranges, referred to as Regimes I-III, as indicated in Figure 6-7. Selected CFD 

simulation results are presented in order to reveal the key differences between various 

regimes.  

First, to assess the level of ignition advancement for different regimes, three 
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temperature conditions (900, 800, 600 K) are selected and comparisons of the pressure-

time histories with and without energy source are plotted in Figure 6-10. It is seen that the 

level of ignition advancement varies significantly depending on the initial temperature of 

the mixture. The observed behavior is consistent with the weak versus strong ignition 

regimes discussed by Im et al. [126]. Qualitatively, the 900 and 800 K cases correspond to 

the weak ignition regime in which the flame fronts generated by the pre-ignition source 

consumes a significant portion of the reactant mixture until the end gas auto-ignition 

completes the combustion. The effect of front propagation is manifested by a more gradual 

pressure rise compared to the homogeneous ignition results in each case.  

The 600 K case corresponds to the mixing-dominant strong ignition regime [126], in 

which the overall reactivity of the bulk mixture is extremely low, such that the pre-ignition 

source fails to establish significant presence of flame propagation. As such the effect of 

pre-ignition on the net ignition behavior is small. For the n-heptane mixture under study, 

an additional new feature is the presence of the NTC behavior, as manifested by the two-

stage ignition in Figure 6-10 (b), which further complicates the interaction between the 

front propagation and bulk-gas auto-ignition. Based on this understanding, the ignition 

characteristics for the n-heptane mixture are categorized into the following sub-regimes. 

The ignition regime diagram shown in Ref. [126] may be used as a reference. 
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Figure 6-10: Simulated pressure-time histories at initial temperatures of (a) 900 K, (b) 800 K and (c) 

600 K. Black lines: homogeneous ignition results. Blue lines: 3D pre-ignition simulation results. Mixture: 

2% n-heptane/44% O2/ Ar. P = 1.5 atm. Simulations performed using 3D 5 cm domain length. 
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Regime I (Reaction-dominant strong ignition):  

At high temperature conditions (1100  1250 K), the mixture is highly reactive such 

that the bulk mixture auto-ignites rapidly and simultaneously regardless of the presence of 

the pre-ignition event. This corresponds to the reaction-dominant strong ignition regime 

[126] in which the effect of the pre-ignition is minimal, such that the net ignition delay 

times are hardly changed from those of homogeneous mixtures, as shown in Figure 6-7. 

Regime II (Weak/mixed ignition):  

This regime spans the temperature range of 700  1050 K. As seen from Figure 6-7 

and Figure 6-10 (a) and (b), the pre-ignition advances the net ignition delay times by several 

factors and up to orders of magnitude. This is referred to as weak/mixed ignition regime, 

in which the pre-ignition induces subsequent front propagation for a significant fraction of 

mixture burn duration until some remaining portion of the end gas completes combustion 

by auto-ignition. For the n-heptane mixture, this regime is further divided into Regime IIa 

(positive temperature coefficient) and Regime IIb (NTC).  

To further examine how the front propagation affects the pressure rise and 

combustion behavior, Figure 6-11 shows the temporal evolution of the maximum 

temperature and mean pressure inside the domain for initial temperatures of 900 K (Regime 

IIa) and 800 K (Regime IIb) based on the 3D simulations. The pre-ignition source was 

activated during 2  6 ms. For both cases, the rapid temperature rise indicates the front 

initiation and propagation, which leads to a relatively gradual pressure rise (in comparison 

with the homogeneous counterpart) and advanced net auto-ignition behavior. The end-gas 

auto-ignition is noticeable from the secondary temperature peak. The main difference 

between the two cases is that the front initiation for Regime IIb (800 K) occurs after the 
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bulk mixture exhibits the first stage ignition. In comparison to Regime IIa, in which the 

mixture reactivity increases monotonically with temperature, in Regime IIb the bulk 

mixture after the first stage ignition falls into the NTC condition, thus attenuating the 

relative enhancement in the bulk gas reactivity. This qualitatively explains why the level 

of ignition advancement in Regime IIa (900 K) is higher than that in Regime IIb (800 K) 

as shown in Figure 6-10. 

For both cases in Figure 6-11 (a) and (b), the secondary rapid pressure rise after the 

front propagation stage is not clearly seen. This is attributed to the limited domain size, 

leaving only a small portion of end gas at the time of secondary homogeneous auto-

ignition. This issue will be elaborated later with a larger domain size 2D simulations. 

To assess the characteristic of the front, the propagation speed of the induced front 

was monitored and compared with the laminar flame speed at the same conditions 

calculated using CHEMKIN-Pro. The calculated front speed from the CONVERGE 

simulation is the speed with respect to the burned gas, Sb, which is subsequently converted 

to the front speed relative to the upstream mixture, Su, by multiplying the density ratio as 

𝑆𝑢 = 𝑆𝑏 (𝜌𝑏/𝜌𝑢), where u and b are the densities of the unburned and burned mixture, 

respectively. Stretch effects [152] on this spherically propagating front were monitored and 

found to be minimal. Figure 6-12 shows the comparison of the two speeds as a function of 

the mixture temperature. The y-axis is plotted in logarithmic scale due to the large 

differences in the magnitude. It is evident that the propagation speed of the front in the 

CFD simulations is nearly an order of magnitude larger than the corresponding laminar 

flame speed. This suggests that the front induced by the pre-ignition source has the 

characteristics of the spontaneous ignition front rather than deflagration. 
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Figure 6-11: Simulated pressure and maximum temperature profiles at initial temperatures of (a) 900 

K and (b) 800 K. Pre-ignition source (2 mm size and 2 – 6 ms timing). Mixture: 2% n-heptane / 44% O2 / 

Ar. P = 1.5 atm. Simulations performed using 3D 5 cm domain length. 

 

Figure 6-12: Flame speed calculated in CHEMKIN-Pro (solid line) and the front speed calculated 

from the CONVERGE [146] CFD simulations (dashed line). 
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As an attempt to reproduce the pressure rise behavior observed in the experimental 

measurements, simulations with a larger domain size were also conducted. Due to the 

excessive computational cost, however, 2D simulation results with a domain size of 50 cm 

x 14 cm are presented, for the 900 and 800 K conditions. Figure 6-13 shows similar 

qualitative behavior as in Figure 6-11; however, due to the larger mixture volume the 

pressure rise is seen to be more gradual during the front propagation, and the secondary 

auto-ignition event is more clearly observed by the sharp temperature and pressure rise 

toward the end of the combustion. Overall, the pressure behavior is found to be consistent 

with the experimental data in this study as well as the previous work by Uygun et al. [8], 

thus demonstrating that the validity of the pre-ignition hypothesis. 

Regime III (Mixing-dominant strong ignition):  

As the mixture temperature becomes lower, the overall mixture reactivity is reduced 

and the reference homogeneous ignition delay time becomes much longer than the 

characteristic time scale of the pre-ignition event. As such, the effect of pre-ignition 

augmenting the mixture reactivity is minimal; any initial ignition front generated by the 

pre-ignition source fails to sustain the front propagation and becomes dissipated by the 

conductive heat loss to the cold bulk mixture. Figure 6-14 shows the comparison of the 

pressure and maximum temperature evolution for Regime III (600 K), showing no sign of 

pre-ignition or gradual pressure rise. Consequently, the overall ignition delay time is found 

to be nearly identical to that of the homogeneous ignition calculation. 
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Figure 6-13: Simulated pressure and maximum temperature profiles at initial temperatures of (a) 900 

K and (b) 800 K. Pre-ignition source (2 mm size and 2 – 6 ms timing). Mixture: 2% n-heptane / 44% O2 / 

Ar. P = 1.5 atm. Simulations performed using 2D 50 cm domain length. 
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Figure 6-14: Simulated pressure and maximum temperature profiles at initial temperature of 600 K. 

Pre-ignition source (2 mm size and 2 – 6 ms timing). Mixture: 2% n-heptane / 44% O2 / Ar. P = 1.5 atm. 

Simulations performed using 3D 5 cm domain length. 

In this chapter, the non-idealities associated with low temperature long ignition delay 

times shock tube data are discussed in detail. The pre-ignition effected data was divided 

into various ignition regimes using experimental observations and CFD modeling. From a 

practical standpoint, the results suggest that shock tube measurements of long ignition 

delay times must be interpreted with caution, considering various non-idealities such as 

pre-ignition heat release. The present study further demonstrates the relevance and 

universality, albeit through different triggering mechanisms, of the pre-ignition phenomena 

in a variety of fundamental research techniques, for both RCM and shock tubes, as well as 

practical combustion applications, such as IC engines and gas turbines. Further 

investigations are needed for improved fundamental understanding of pre-ignition 

characteristics in order to predict and prevent its adverse impact.  



  

146 

 

Chapter 7: SUMMARY AND FUTURE WORK 

7.1 Summary of results 

7.1.1 Ignition studies of Low Octane Gasolines and Surrogates 

Ignition delay times for light naphtha, a low-octane (RON = 64.5) highly paraffinic 

lightweight fuel, were measured in a shock tube and a rapid compression machine. Using 

a detailed hydrocarbon analysis of light naphtha, a five-component surrogate was 

formulated to reproduce the ignition delay times of the real fuel over a wide range of 

conditions. A simpler two-component PRF surrogate adequately reproduced the ignition 

behavior of light naphtha at high temperatures and in the NTC region. At low-temperature 

conditions, the multi-component surrogate matched the ignition delay times of light 

naphtha much more closely than the PRF surrogate. Kinetic analyses indicate that the 

higher reactivity of the PRF surrogate, compared to the real fuel and the multi-component 

surrogate, is attributable to its larger proportion of longer chain hydrocarbons. It can 

therefore be concluded that, for a highly paraffinic lightweight fuel such as light naphtha, 

the PRF surrogate adequately captures the ignition characteristics at high and intermediate 

temperatures, while a multi-component surrogate is needed to capture the reactivity of the 

real fuel at low temperatures.  

Additionally, ignition delay times of two low octane (AKI  70) full boiling range 

gasolines, FACE I and J, were measured using shock tube and rapid compression machine 

over a broad range of test conditions. It is shown that the two gasolines, with large 

differences in compositions but similar octane ratings, exhibit similar reactivity (ignition 

delay times) over the entire range of test conditions. It is further shown that a PRF 
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surrogate, matching the AKI of these gasolines, could be used to satisfactorily capture the 

ignition delay times of these gasolines. Using multi-component surrogates developed for 

these gasolines, it is explained that these gasolines show no differences in reactivity at low 

temperatures, albeit large differences in compositions, because the ignition controlling 

reactions are quite similar for these gasolines. This assertion is generalized using a wide 

range of low temperature ignition delay data from previous studies and it is shown that 

octane number and compositions differences are only manifested on ignition delay 

differences at low temperatures if the sensitivity of the fuel is high (S > 7). The results of 

this study could be used to further validate and refine the gasoline surrogate mechanisms 

and surrogate formulation strategies.  

7.1.2 Speciation and Ignition studies of Mid Octane Gasolines and Surrogates 

Oxidation characteristics of two highly paraffinic (S  0) gasoline fuels (FACE A 

and C), with similar octane rating (AKI  84), were measured and compared with the 

measured oxidation characteristics of a PRF surrogate. The PRF surrogate successfully 

captured the overall global reactivity of the fuel primarily due to paraffinic nature of the 

gasolines studied here. Multi-species time histories (CO, H2O, OH and CO2) measurements 

revealed similar trends for all three fuels. The need for refining propene/iso-butene 

oxidation chemistry is pointed out. Moreover, a wide range of literature ignition delay data 

is used to demonstrate similar reactivity trends at practical conditions. It is concluded that, 

for these mid octane highly paraffinic gasolines, a PRF surrogate satisfactorily matched the 

ignition requirements at a wide range of test conditions.  

7.1.3 Ignition studies of High Octane Gasolines and Surrogates 

Ignition delay times of a wider range of toluene/iso-octane/n-heptane mixtures 
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(TPRFs) have been measured using shock tube and rapid compression machine. The LLNL 

mech [79] was used to simulate and interpret these data. It is shown that the mechanism 

predictions are in good agreement with the shock tube data but improvements are necessary 

to better simulate the low-temperature RCM data. Refinements in the mechanism are 

particularly required to simulate the high toluene content fuels. It is shown that the TPRF 

fuels show a negligible octane dependence at high temperatures, a weak octane dependence 

at low temperatures and a strong octane dependence in the NTC region. At low 

temperatures, the octane dependence is more pronounced for the high-RON, high-

sensitivity fuels and is attributed to the non-paraffinic (toluene) content. In the NTC region, 

the fuels with low RON and low sensitivity produce larger concentrations of HȮ2 and 

H2O2, and hence show the most prominent NTC behavior and ignition advancement 

compared to the high-RON, high-sensitivity fuels.  

It is also shown that the TPRF surrogates can effectively match the ignition 

requirements of modestly high sensitivity gasolines (Haltermann and FACE F with 

Sensitivities of 7.6 and 5.6 respectively). Although the TPRF surrogate captures many 

trends present in the ignition delay data of high sensitivity gasolines (Coryton and FACE 

G with Sensitivities of 10.9 and 11 respectively), the TPRF surrogate overpredict the 

ignition requirements of highly sensitive (S  11) gasolines in homogeneous shock tube/ 

RCM environments. 

7.1.4 Shock tube ignition delay data affected by localized ignition phenomena 

This work, on the effect of pre-ignition on ignition delay times, was initiated by the 

recent KAUST shock tube measurements of n-heptane and n-hexane ignition delay times 

at low-pressure and low-temperature conditions showing large discrepancies against the 
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predictions by the latest chemical kinetic models. Experimental pressure-time histories 

indicated gradual pressure rise prior to the bulk auto-ignition, consistent with a recent 

findings by the Aachen group shock tube study [116]. This led to a hypothesis that the 

discrepancies are attributed to a pre-ignition event within the shock tube test section. To 

substantiate the hypothesis, simple CFD simulations of a model configuration of post-

shock conditions were performed representing pre-ignition within a shock tube induced by 

a local energy source. Using the same chemical kinetic mechanism employed in the 

homogeneous model calculations, the CFD pre-ignition model predicted the observed 

ignition delay times with surprisingly good agreement, demonstrating that pre-ignition can 

indeed lead to the comparable level of ignition advancement observed by the shock tube 

measurements. From a practical standpoint, the results suggest that shock tube 

measurements of long ignition delay times must be interpreted with caution, considering 

various non-idealities such as pre-ignition heat release. The exact causes of pre-ignition in 

shock tubes and how to prevent its occurrence will be a subject of future studies. 

It was found that the relative degree of ignition advancement by pre-ignition varies 

depending on the mixture temperature, in a manner consistent with the ignition regimes 

discussed in earlier studies [126-128, 153]. Over the range of temperatures under 

consideration, all three regimes identified in Ref. [126] were observed: the reaction-

dominant strong ignition, weak/mixed ignition, and mixing-dominant strong ignition 

regimes. An additional new aspect of the present study is the presence of the NTC regime 

associated with complex hydrocarbon fuels. For the conditions considered in this study, 

the NTC conditions of the n-heptane mixture fell into the weak/mixed ignition regime, 

where the level of ignition advancement was attenuated due to the negative reaction 
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sensitivity to temperature for the mixture ahead of the propagating front.  

The present study further demonstrates the relevance and universality, albeit through 

different triggering mechanisms, of the pre-ignition phenomena in a variety of fundamental 

research techniques, for both RCM and shock tubes, as well as practical combustion 

applications, such as IC engines and gas turbines. Further investigations are needed for 

improved fundamental understanding of pre-ignition characteristics in order to predict and 

prevent its adverse impact.  

7.2 Future work 

7.2.1 Surrogate complexity guidelines for homogeneous environments 

At KAUST, we have significantly contributed to improving the combustion kinetics 

understanding of gasolines and surrogates. This was done by studying a wide range of 

gasolines and surroagtes, of varying compositions and octane ratings, in shock tube and 

rapid compression machines (homogenous environments). A major portion of our efforts 

towards understanding the combustion chemistry of gasolines and surrogates is presented 

in the current work. Using the data presented in this work, and other associated work 

undertaken at KAUST and at our collaborators facilities, Sarathy et al. have developed the 

FACE Gasoline mechanism [30], which is the most updated gasoline surrogate mechanism 

since the last one developed at LLNL by Mehl et al. [79]. Although some improvements 

are still required for improving the mechanism predictions, this mechanism includes the 

chemical kinetics representation of all the gasoline surrogate palette species. Also at 

KAUST, Ahmed et al. [77] have developed an elegant methodology to carefully design 

multi-component surrogates for gasolines, and other practical fuels, using a wide range of 

practical optimization targets and constraints.  



  

151 

 

In this work, we have presented a wealth of homogenous ignition delay times for 

gasolines and have formulated the surrogate complexity requirements for these gasolines. 

We have shown that for low sensitivity gasolines (light naphtha, FACE A, C, I and J), a 

PRF surrogate matching the AKI of the gasoline adequately reproduces the ignition 

requirements, with some discrepancies at low temperatures (especially for lightweight 

fuels such as light naphtha). We have also shown that TPRF surrogates not only matches 

the octane sensitivity requirements of high octane gasolines, but also captures, both 

qualitatively and quantitatively, the ignition delay times of modestly high octane gasolines 

(Haltermann and FACE F with Sensitivities of 7.6 and 5.6 respectively). We have also 

shown that, although a TPRF surrogate captures qualitatively various trends found in high 

sensitivity gasolines (Coryton and FACE G with Sensitivities of 10.9 and 11 respectively), 

the TPRF surrogate overpredict the ignition requirements of highly sensitive (S  11) 

gasolines in homogeneous shock tube/ RCM environments. 

What remains to be done is to summarize the findings of this work and those found 

in literature as a set of comprehensive guidelines for surrogate complexity requirements in 

homogeneous environments. We have already started putting together such guidelines, and 

will shortly publish them. Experimental ignition delay times of gasolines and surrogates, 

as well as ignition delay and HCCI (homogenous environment) simulations, are being used 

to come up with surrogate complexity requirements in homogenous environments.  

7.2.2 Surrogate complexity requirements for various engine modes  

There are various surrogate fuel formulation methodologies available in the literature 

proposing surrogates of increasing complexities (PRF, TPRF and multi-component) which 

emulate different target properties. This study aims to investigate the degree of complexity 
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required to describe surrogate fuels for various combustion modes of an internal 

combustion engine. FACE gasoline fuels are selected for appropriate engine modes based 

on their RON, MON and sensitivity. The surrogate formulation methodology would take 

into account relevant target properties for respective combustion setting. 

 The objectives of this proposed study are: 

(i) Evaluating surrogate formulation methodologies for various distillate fuels 

based on low, mid and high sensitivities and AKIs.  

(ii) Assess the fuels and corresponding surrogates in a wide range of fundamental 

and applied experiments, with the ultimate objective of a surrogate 

formulation methodology for different fuel types and engine combustion 

modes. 

(iii) Propose practical guidelines for surrogate complexity required to capture 

particular engine mode/performance target.  

The gasoline fuels we propose to study are listed in Table 7-1. It can be seen that the 

selected fuels cover a wide range of RON, MON and sensitivity space. PRF, TPRF and 

multi-component surrogates will be utilized for each gasoline fuel listed in the table.  

Table 7-1: Test fuels for evaluating surrogate complexity requirements for various engine modes   

  
FACE 

I 

FACE 

C 

FACE 

F 

FACE 

G 

RON 70.3 84.7 94.4 96.8 

MON 69.6 83.6 88.8 85.8 

Sensitivity 0.7 1.1 5.6 11 

AKI 69.95 84.1 91.6 91.3 

 

Engine experiments will be conducted to see how different gasolines and their 
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surrogates of varying complexity (bi, tri and multi-component) fare against the gasolines 

under particular engine operating strategy. We propose here to study different engine 

operating strategies based on octane ratings of selected FACE fuels. For example, low 

octane fuels are likely to be utilized in GCI mode[154]; whereas, high octane high 

sensitivity fuels are typically utilized for DISI operation [155]. Table 7-2 presents the test 

plan for various fuels/surrogates evaluation in different engine operating modes. 

Table 7-2: Various fuels/surrogates evaluation in different engine operating modes 

 

7.2.3 Understanding the mechanisms of pre-ignition initiated super-knock using 

shock tubes and rapid compression machines 

In Chapter 6 we have shown that, under certain conditions, shock tube ignition data 

is severely affected by the pre-ignition flame kernel initiation and propagation resulting in 

bulk ignition advance. Pre-ignition energy release in homogeneous settings have also been 

observed in rapid compression machines [124] [125]. Modern downsized and boosted 

engines encounter premature auto-ignition, or a much stronger and detrimental super-

knock events, these events are the result of pre-ignition [133, 134]. As such, fundamental 

understanding of pre-ignition phenomena has broader impact in a wide range of practical 

engineering applications.  

Here we propose to use shock tubes and rapid compression machines for 

understanding fundamentally the mechanisms leading to pre-ignition flame kernel 

Parameters Measurements Parameters Measurement Parameters Measurement

Injection Timing (Varied) Emissions Injection timing (port)(Fixed) Emissions Injection Timing(Fixed) Emissions

Injection pressure (Fixed) Soot Inlet air temp(Varied) Soot Injection pressure(Fixed) Soot

Inlet air temp (Fixed) In-cylinder pressure Inlet air pressure(Varied) In-cylinder pressure Spark timing (Varied) In-cylinder pressure

Inlet air pressure (Fixed) KLSA

FACE I and surrogates FACE C, F and surrogates FACE G and surrogates

Engine operation Engine operation Engine operation

GCI HCCI DISI
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initiation and propagation and its transformation into a strong pressure wave which can be 

detrimental to engines integrity. For engines pre-ignition initiated super-knock results in 

much higher in-cylinder pressure rise and oscillations compared to normal (and regular 

knock) cycles and such energy release (pressure rise) also occur relatively early in the crank 

angle domain compared to normal cycles. For shock tubes, we have shown that such pre-

ignition events expedites the overall homogenous ignition delay times by over a magnitude 

under some cases.  

The prospective study will provide in-depth insights to pre-ignition and ignition 

advance in shock tubes and RCMs. The study will use optical imaging techniques and 

better analysis of pressure signals to ascertain the cause of pre-ignition and dynamics of 

large pressure rise and ignition advance for pre-ignition affected data. The findings of 

proposed fundamental work are expected to provide useful guidelines for avoiding such 

events in engines.  
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APPENDIX A 

Table A1: Detailed hydrocarbon analysis of light naphtha. 

Group/species normalized % mol 

Paraffin   

n-pentane 35.09 

n-hexane 20.264 

Isoparaffin   

i-pentane 12.542 

2,2-dimethylbutane 0.282 

2,3-dimethylbutane 1.741 

2-methylpentane 12.419 

3-methylpentane 7.933 

2,4-dimethylpentane 0.221 

2-methylhexane 0.351 

2,3-dimethylpentane 0.137 

3-methylhexane 0.225 

Aromatics   

Benzene 1.315 

Naphthenes   
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Cyclopentane 2.289 

Methylcyclopentane 3.059 

Cyclohexane 1.317 

Unidentified  0.815 

 

Table A2: Composition of multi-component light naphtha surrogate (LN-KAUST). 

Species mol% 

2-methylbutane 0.25 

2-methylhexane 0.1 

n-pentane 0.43 

n-heptane 0.12 

Cyclopentane 0.1 
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Figure A1: Mole fractions of various hydrocarbon classes for light naphtha fuel and its multi-

component surrogate (P: Paraffins, I: Iso-paraffins, O: Olefins, N: Naphthenes and A: Aromatics). 

 

 

Figure A2: Simulated advanced distillation curves (ADC) for light naphtha and its multi-component 

surrogate. 
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Figure A3: Carbon type mole fraction comparison between light naphtha fuel and its multi-

component surrogate. For definitions of carbon types see Figure S4. 

 

 

Figure A4: Carbon type classification employed in this study to capture structural attributes. 
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Figure A5: Comparison of light naphtha (squares) and PRF 70 (stars) ignition delay times at 20 and 

40 bar at: (a)  = 0.5, (b) = 1. 

 

 



  

160 

 

 

Figure A6: Pressure time histories during the oxidation of light naphtha, PRF 64.5 surrogate, and 

LN-KAUST surrogate. All three fuels exhibit single-stage ignition under these conditions. 

Table A3: Structural formulas of species and intermediate classes appearing in rate of production 

analyses 

Name Structure 

CPT 

 

CYC5H8 

 

C5H6 

 

CPTO2J 

 

CPTQ3QJ 
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CPT1*O3Q 

 

CH3CH2CHO 
 

CYC5H9 

 

CPTO2H 

 

NCnKET(bd) 

 

 

CnH2nOOH(b)-(d)O2 

 

CnH2n+1O2-(b) 

 

NCnH2n+2 
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CnH2n+1-(b) 

  

IC8H18 

 

 

 

 

Table A4: TPRF surrogate compositions in mole fractions 

Surrogate iso-octane n-heptane Toluene 

TPRF 70 0.365 0.35 0.285 

TPRF 80 0.33 0.27 0.4 

TPRF 91 0.29 0.17 0.54 

TPRF 97.5 0.08 0.145 0.775 

 

 



  

163 

 

 

Figure A7: KAUST and NUIG cross-checked data at 20 bar  = 1 for (a) TPRF 97.5/air, (b) TPRF 

91 
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Figure A8: KAUST shock tube pressure traces at low temperatures where dp/dt and pre-ignition 

pressure rise are visible: (a) and (b) for TPRF 97.5 mixtures and (c) and (d) for TPRF 91 mixtures.  
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APPENDIX B 

Example high pressure shock tube ignition measurements pressure traces 

The purpose of this section is to provide example pressure traces during the high 

pressure shock tube (HPST) ignition delay measurements. For selected fuels, high, 

intermediate, and low-temperature unfiltered pressure traces are presented here.  

 

Figure B-1: Pressure traces measured during the ignition measurements of light naphtha / air 

mixtures at  = 1, (a) T5 = 1131 K, P5 = 21.4 bar, (b) T5 = 916 K, P5 = 22 bar, (c) T5 = 854 K, P5 = 21.5 bar, 

(d) T5 = 787 K, P5 = 20.4 bar 
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Figure B-2: Pressure traces measured during the ignition measurements of FACE G / air mixtures at 

 = 1, (a) T5 = 1085 K, P5 = 20.4 bar, (b) T5 = 945 K, P5 = 19 bar, (c) T5 = 896 K, P5 = 19.6 bar, (d) T5 = 

789 K, P5 = 20.1 bar 



  

167 

 

 

Figure B-3: Pressure traces measured during the ignition measurements of TPRF 70 / air mixtures at 

 = 1, (a) T5 = 1018 K, P5 = 19.7 bar, (b) T5 = 965 K, P5 = 19.8 bar, (c) T5 = 824 K, P5 = 20.5 bar, (d) T5 = 

759 K, P5 = 19 bar 
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Figure B-4: Pressure traces measured during the ignition measurements of TPRF 80 / air mixtures at 

 = 1, (a) T5 = 1029 K, P5 = 19.2 bar, (b) T5 = 905 K, P5 = 19.2 bar 
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